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Abstract 
An introduction to macrocyclic chemistry is presented, with particular 
emphasis on 1,4,7-triazacyclononane ([9]aneN 3) and the addition of pendent groups 
to this macrocycle. 
Reaction of [9]aneN3  with (CH30)2CHNMe2 yields 1,4,7-
triazatricyclo[5.2.1.0 4' 10]decane, the single crystal X-ray structure of which is 
described. Acidic hydrolysis of 1 ,4,7-triazatricyclo[5 .2.1 .o4,1 °]decane yields 1 -formyl-
1 ,4,7-triazacyclononane (HOC[9]aneN3),  the single crystal X-ray structure of which 
is also described. Further reaction of HOC[9]aneN 3 with excess isobutylene oxide 
affords 1 -formyl-4,7-bis(2-hydroxy-2-methylpropyl)- 1 ,4,7-triazacyclononane (L 2112), 
which yields 1 ,4-bis(2-hydroxy-2-methylpropyl)- 1 ,4,7-triazacyclononane upon basic 
hydrolysis. The single crystal X-ray structure of 1 ,4-bis(2-hydroxy-2-methylpropyl)-
1,4,7-triazacyclononane is reported. The reaction of 1,4,7-
triazatricyclo [5.2.1 10]decane with PhCH2Br yields 1 -benzyl- 1,4,7-
triazacyclononane (L 5), which reacts further with isobutylene oxide to yield 1 -benzyl-
4,7-bis(2-hydroxy-2-methylpropyl)- 1 ,4,7-triazacyclononane (L 6H2). 
Reaction of [9]aneN3  with HCOOH and CH 3CO20CH3 yields 1,4,7-
triformyl- 1 ,4,7-triazacyclononane, the single crystal X-ray structure of which is 
described. Analogously, reaction of [9]aneN3  with PhCOC1 yields 1 ,4,7-tribenzoyl-
1 ,4,7-triazacyclononane, the single crystal X-ray structure of which is also described. 
The ring conformations of these two molecules are found to be similar, both adopting 
a [333] conformation. 
Reaction of Pd(OAc) 2 with HOC[9]aneN3  in CH2C12 affords the species 
[Pd(HOC[9]aneN3)2]{B(C6F5)4]2. 21U20, the single crystal X-ray structure of which 
shows the cations to form a 'chain' structure with interchelated H 20 molecules. 
Reaction of Ni(BF4)2 .6.5CH3CN with excess HOC[9]aneN3  in refluxing CH 3CN 
leads to hydrolysis of the amide function and formation of the previously reported 
[Ni([9]aneN3)2] 2 . 
The preparation of Na[Cu(L 2H2)(NCCH3)](BF4)2(NO3) is described, the 
structure of which has been confirmed by single crystal X-ray analysis. The formyl 
amide moiety is found to interact with both the Cu2+  and  Na+  centres, via the N and 
0 atoms respectively. The single crystal X-ray structure of [Cu(L 6H2)(0H2)](NO3)2 
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shows the Cu2+  centre to be approximately octahedral, with hydrogen bonding of the 
alcohol and water donors to the NO 3 counter-ions. 
Reaction 	of Ni(NO3 )2 .6H20 	with 	4,4',7,7'-tetrakis-(2-hydroxy-2- 
methylpropyl) [1 ,2-bis-( 1 ,4,7-triaza- 1 -cyclononyl)ethane] (L 1 °H4) in ethanol affords 
the dinuclear species [Ni 2(NCCH3 )2(L 10H4)](PF6)4 .4H20. The single crystal X-ray 
structure of this complex shows the metal centres to be disposed away from each 
other in an anti-configuration. 
The synthesis and single crystal X-ray structures of [Pd(L 5)2](PF6)2 and 
[Ni(L5)2](PF6)2 are described. The structure of the Pd complex is centrosymmetric, 
with the benzyl groups disposed away from each other, whilst the structure of the Ni 
complex shows the benzyl amines to be bound to adjacent coordination sites at the 
metal centre. 
The synthesis of the novel ligands 7-(2-hydroxy-2-methylpropyl)-7-aza- 1,4-
dithiacyclononane (L 1 ' H) and 7- [(2-hydroxy-2,2-diphenyl)ethyl] -7-aza- 1,4-
dithiacyclononane (0 2H) is described. Reaction of L H with Ni(CH 3COO)2 .4H20 
or Cu(CH3COO)2 .H20 affords mononuclear [Ni(L H)(CH 3COO)] (BPh4) .CH3CN 
or dinuclear [Cu(L 1 1 )] 2(BPh4)2 respectively. The alcohol donor remains protonated 
in the former complex whilst the alcohol is deprotonated and bridges between the 
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Chapter 1: Introduction 
1.1 General intmduction. 
Although natural macrocycles lie at the heart of many biological processes, 
it was not until 1960 that efforts were directed towards synthetic macrocycles. Prior 
to this a small number of macrocyclic systems had been reported, most of these being 
based upon porphyrins and phthalocyanines 3 . However, in 1960 Curtis reported the 
reaction of [Ni(en) 3}(C104)2 with acetone to give a product4 which was later 
assigned5  as the macrocyclic complex shown in Figure. I.I. (an explanation of the 
nomenclature used to describe macrocyles is given in reference 8). 





Figure 1.1: The Reaction Between [Ni(en) 3](C104)2 and Acetone. 
From this point the synthesis of macrocycles flourished and much work was 
devoted to the study of the thermodynamic and kinetic properties that such ligands 
confer upon metal complexes 67. These properties are discussed in Section 1.2. As 
mentioned above, natural macrocycles play an important role in enzymatic processes 
and much of the research into macrocycles has involved characterising and modelling 
such metal centres. Section 1.3 gives a brief overview of naturally occuring 
macrocycles and work that has been done to study such systems. A vast methodology 
has been developed for the synthesis of macrocyclic ligands, incorporating a wide 
range of donor atoms. Pedersen first described the synthesis of oxygen analogues 
(crown ethers) in 196718  and the further development of macrobicyclic ligands 
(cryptands) was reported by Lehn in 196919.  Some of the techniques for the general 
synthesis of macrocycles are discussed in Section 1.4, with particular emphasis on 
those containing nitrogen donors. Sections 1.5, 1.6 and 1.7 deal with some more 
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specific aspects of synthesis and design of ligands which are relevant to this body of 
work. This includes the modification of nitrogen macrocycles by the incorporation of 
pendent groups and the nature of amides and alcohols as donors to metal centres. 
1.2 The Macrocyclic Effect And Properties Of Macrocyclic 
Complexes. 
The term "macrocyclic effect" was first used by Cabbiness and Margerum in 
1969 to describe the enhanced stability of [Cu(Me 6[14]aneN4)] 2 over [Cu(2,3,2-
tet] 2+ . This effect can be quantified in both kinetic and thermodynamic terms. The 
kinetic macrocyclic effect was investigated by measuring the formation and 










H 2 	H, 
[Cu(2,3 ,2-tet)] 2 
Figure 1.2: Cu(II) Complexes of Macrocyclic and Open-chain Ligands. 
The following rate constants (k f, kd)  and stability constants (Ks)  were measured- 
1Cu(Me[ 1 41aneN4fl 	1Cu(2-3-2-tet)1 2 
kf (M-I S-1 	5.8 x 10 2 
	
8.9 x 104 
kd (1) 
	3.6 x 10-7 
	
4.1 
K (Md ) 	1.61 x 105 
	
2.17 x 104 
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The kinetics of complexation and decomplexation are obviously much faster 
for the open-chain ligand than for the macrocyclic ligand. The flexibility of the open 
chain ligand allows stepwise complexation (or decomplexation) and sequential loss 
(or gain) of solvent molecules. However, the more rigid macrocyclic ligand is much 
more constrained and cannot complex in such a manner. The somewhat bizarre term 
"multiple juxtapositional fixedness" was introduced by Busch 12 to explain this 
phenomenon and is represented in Figure. 1.3. 
( / \ X 
,.... 	 x 
M 	I 	 l 	M 





M 	 M 
X 	XH 	 X 	XH 
Figure 1.3: A Schematic Representation of "Multiple Juxtapositional Fixedness". 
In practise, the ratio of k?kd  (which gives the stability constant K)  is found 
to be greater for macrocyclic complexes than for their open-chain analogues. This 
forms the basis of the thermodynamic macrocyclic effect. An alternative way to view 
the thermodynamic macrocyclic effect is to consider the free energy gain (AG) in 
substituting an open chain ligand (Loped  for a macrocyclic ligand (Lmac). 
I 1M(Lopen)] 	+ ' Lmac 	[M(Lmac)IX+ + Lopen 	AG = negative 
The extent to which enthalpic (AH) and entmpic (AS) factors contribute to this 
4 
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free energy change (AG) is still a question of controversy and is very much dependent 
on the system under question 20. Three major factors can be considered to affect the 
enthalpic component. The first is conformational changes undergone by the ligand in 
order to co-ordinate to a metal centre. Open chain ligands must change from a linear, 
minimum energy conformation to a cyclic one in order to complex, whereas 
macrocyclic ligands may be already 'pre-organised' for co-ordination. 
A second factor is the degree of solvation of the free ligands. Macrocyclic 
ligands tend to be less solvated since they are more compact. For tetraamine ligands 
in aqueous solution Margerum21 has suggested that macrocyclic ligands are solvated 
by two fewer water molecules with a concomitant enthalpy difference of approx. 60 
U moF 1 . Solvation effects are of course dependent upon the type of donor atom and 
the choice of solvent. Thioether macrocycles tend to have much smaller values for 
solvation energies than aza macrocycles 22 '23 . 
The third contributory factor towards the enthalpic term is 'hole-size' effects. 
If the macrocyclic cavity is not the appropriate size for a given cation then metal-
ligand bonds will be weakened and ring strain will be apparent in the macrocycle. 
This effect will tend to reduce the enthalpic contribution to the free energy. 
Entropic contributions to the free energy change must also be taken into 
consideration22'23 '24. The entropy change in substituting an open chain ligand by 
a macrocyclic ligand is dependent upon the number of degrees of freedom available 
to the ligand when not complexed to the metal.The displacement normally results in 
a net gain in entropy since the uncomplexed open chain ligand is less constrained 
than the uncomplexed macrocyclic ligand. 
In conclusion, the combined effect of these factors is to often impose 
remarkable thermodynamic stability and kinetic inertness upon macrocyclic 
complexes. There are several other properties of macrocycles which should also be 
introduced at this point. The concept of 'hole-size' and size-match to metal radius has 
been mentioned above. This property can be used to design ligands which show 
strong selectivity for certain metal ions in preference to others. For example, the 
crown ether [18]aneO6 shows a 10,000 fold preference 25 '26 for Ba2+  over  Ca2+.  An 
example found in nature of metal-ion selectivity is the class of compounds known as 
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iron from the aqueous environment 27 . The stability constants of the Fe3+  complexes 







Figure 1.4: An Example of a Naturally-Occuring Siderophore. 
A further property of certain macrocycles is their capability to stabilise 
unusual metal oxidation states. This is attributed to the flexible nature of many 
macrocycles and also in part to their kinetic and thermodynamic stability. Unusual 
oxidation states are utilised by many biological systems (Section 1.3), and thus 
models for these can help us to understand the mechanisms of natural processes. 
Tetraaza macrocycles can be used to stabilize nickel in the Ni(I) and Ni(III) oxidation 
1,28,29 These species are generated electrochemically or chemically from 
the parent Ni(II) complexes. Ni(I) and Ni(Ill) species are believed to play an 
important role in nickel hydrogenases 30. Facially-capping triazamacrocycles have 
been used by Wieghardt and co-workers 31 '32  to prepare a range of Mo complexes 
in oxidation states (I)-(VI). 
31 
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The conformational flexibility of thioether macrocycles is illustrated well by 
the ability of [9]aneS3 to stabilise gold in the oxidation states Au(I), Au(II) and 
Au(III) 33 '34'35 . Figure. 1.5 shows the crystal structures of the three complexes 
[Au([9] aneS3 )2 ] 1 '2+/'3 +.  It can be seen that as the metal centre is oxidized, the 
macrocycle is able to adjust its conformation to meet the electronic requirements of 
the metal. 
[Au([9]aneS 3 )2 1 
[Au([9]aneS 3 )2] 2 
[Au([9]aneS3)2] 3 
Figure 1.5: 	The Single-Crystal X-Ray Structures of [Au([9]aneS 3 )2] 	x = 1,2,3 
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1.3 Metal Ions In Biological Systems. 
Transition metal ions are found to be at the centre of many important 
biological functions. Three main types of enzymatic process can be identified which 
utilise metal centres. These are catalysis of natural processes (eg. zinc in carbonic 
anhydrase36 or nickel in hydrogenases 30), reversible substrate binding (eg. iron in 
haemoglobin and myoglobin for 02  transfer37) and electron transfer (eg. iron in 
cytochrome C 37). In most cases the oxidation state of the metal is critical to the 
reaction taking place. Much work is still being devoted to the study of enzymatic 
processes. One of the major difficulties in this field is the actual size of the molecules 
involved. The metal centres are encapsulated in metalloproteins which are often 
extremely large and structure elucidation can be very time consuming. Crystallisation 
of proteins and X-ray crystallography of such systems is much more difficult than 
that of simple complexes, and other techniques such as EXAFS and EPR are often 
useful. These can give important information about the coordination geometry around 
the metal, and have the advantage of being very sensitive to the metal centre. One 
approach to the study of natural systems has been to prepare model complexes which 
mimic the properties of natural systems 38 . 
The coordination sites of metals in biological systems can be broken down 
into three categories. These are macrocyclic sites such as the haem group in 
haemoglobin and myoglobin, which are dicussed below. Non-macrocyclic sites 
involve coordination of a metal centre by amino acid residues on the backbone of the 
protein. The rigid protein backbone often leads to a strained coordination geometry 
around the metal centre, as in blue copper proteins such as azurin 40 (Figure 1.6). The 
coordination sites around the Cu(II) centre in azurin are filled by two histidine 
imidazole donors (46 and 117), one cysteine thiol donor (112), one methionine 
thioether donor (121) and the peptide carbonyl of a glycine residue (45). 
Metal cluster sites4 46 are found in enzymes that catalyse multiple-electron 
redox processes such as Hydrogenases and Nitrogenases (Figure 1.7). The cluster 
structure is believed to have a Fe 3 S4M (M = Mo, Ni, Fe) core43 , which is often 
found in conjunction with another metal centre. 











Figure 1.7: A Representation of the Active Site of an Iron-Sulphur Cluster Protein 
Oj 
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Two examples are given below to illustrate a naturally occuring macrocyclic 
site (haemoglobin 37) and a synthetic macrocyclic complex which has been used to 
mimic the behaviour of a naturally occuring enzyme (superoxide dismutase 49 '50). 
Naturally occuring macrocyclic sites are all based upon tetrapyrolle 
fragments 8 . The three different types are porphyrins (found in haemoglobin, 
myoglobin and cytochrome C), chlonns (found in chlorophyll) and corrins (found in 
vitamin B 12  coenzyme), which are illustrated in Figure. 1.8. Coordination of 
porphyrins and chlorins occurs with the loss of two pyrrole protons and thus the 
macrocyclic core is dianionic. 
Porphyrin 	 Chlorin 	 Corrin 
Figure 1.8: The Tetrapyrolle Core Structures of Naturally Occuring Macrocycles. 
Haemoglobin 37  is an iron containing oxygen transfer metalloprotein found in 
the blood, of molecular weight 64,000. The metal centre is located in a functionalised 
porphyrin ring, known as a 'haem' group. The protein structure is comprised of four 
identical sub-units, each being similar in structure to myoglobin. The crystal 
structures of both haemoglobin and myoglobin have been elucidated 47 '48 , and the 
haem group is found to lie in a crevice of the protein, linked to the protein by a 
histidine residue bound to the metal centre. A representation of haemoglobin is 
presented in Figure. 1.9. 
When oxygen is not bound (deoxyhaemoglobin), then the 5-coordinate metal 
centre is found in a high-spin d 6  Fe(II) configuration, lying above the plane of the 
macrocycle. Binding of oxygen (oxyhaemoglobin) causes a spin change to low-spin 
10 
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d6  Fe(II) and the metal drops into the macrocyclic cavity. This change in spin state 
signifies to the protein that the oxygen molecule is bound. Redox processes are 









Figure 1.9: A Representation of the Haem Unit in Haemoglobin. 
An example of a synthetic macrocyclic complex which has been used to 
mimic a natural enzymatic process is [Mn([15]aneN5)C 1 2]1 which has been found to 
catalyse the dismutation reaction of superoxide to oxygen and peroxide 49'50. This 
reaction is catalysed in mammalian organisms by superoxide dismutase (SOD) 
enzymes, which contain either Cu/Zn or Mn centres5 1•  The Cu/Zn enzymes contain 
a bridging imidazole between the two metal centres. Model compounds have been 
prepared which have similar heterodinuclear Cu/Zn cores 5256, however none 
prepared to date exhibit any catalytic behaviour. The reaction is represented by- 
02 - + H02'+ 	 02 + H202 
A whole series of Mn(II) dichioro complexes of aza macrocycles have been 
tested for SOD activity 4950, with only complexes of [15]aneN 5 and [16]aneN5 
exhibiting activity, and only the [15]aneN 5 complex doing so at physiological pH. 
It has also been found that modification of the C-backbone of the ligand (with fused 
11 
Chapter 1: Introduction 
cyclohexano groups) can lead to enhanced SOD activity, as well as tailoring 
properties such as lipophilicity. Mechanistic studies suggest that a peroxo-bound 
Mn(III) species is involved in the reaction. These complexes are being developed as 
potential pharmaceutical agents for inflammatory and vascular diseases. 
1.4 Synthesis Of Macmcycles. 
The main body of this work is concerned with aza macrocycles, and the 
synthesis of such ligands is described in detail (Chapter 2). However, the techniques 
used to prepare crown ethers and thioethers shall be introduced to illustrate the 
methodology of macrocyclic synthesis. There are two main techniques employed to 
perform cyclisation reactions (for rings containing more than 9 atoms). These are 
template syntheses (where a metal ion is necessary to direct the reaction and prevent 
polymerisation) and open chain cyclisations. 
Pedersen published a paper in 196718  which described the synthesis and 
characterisation of over 50 cyclic polyethers in yields of between 4 and 80%. The 
method of preparation involved the reaction of a catechol derivative with a dihalo 
polyether in the presence of NaOH (Figure. 1.10). The use of bases such as Bu4NOH 
was found to substantially decrease the yield and this was attributed to the sodium 
ions directing the reaction in a template effect. Larger or smaller cations were used 




Cl 0 0 	NaOH 	
0 0 
OH ( + Cl 0 0 	 0 
\_j \_j \/\I 
Figure 1.10: The Synthesis of Crown Ethers. 
The analogous thioether macrocycles proved more difficult to synthesize. 
Weaker interactions between alkali metal ions and thioethers make such template 
reactions much less effective. Therefore syntheses have been based upon reactions 
12 
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performed at high dilution and for long reaction times to avoid the formation of 
polymerisation products. The first reported synthesis of {9]aneS3  in 1977 quoted 
a yield of 0.04% via reaction of NaSCH 2CH2SCH2CH2SNa with 1 ,2-dichloroethane. 
Substitution of benzyltrimethylammonium counter-ion 58 for sodium increased the 
yield to 4.4%, however it was not until the introduction of  MO(CO)3  as a template 
or Cs2CO3  as a base at high dilution (Figure 1.11) that large-scale, general syntheses 
were developed59 '60. Yields are now in the range of 50% for [9]aneS3  to 86% for 
[1 2]aneS 4 . 
[__V__~ 
HS 	S 	SH 
+ 
Br 	Br 





Figure 1.11: The High-Dilution Synthesis of [9]aneS3. 
Aza macrocycles were also first synthesized by template methods, with 
demetallation liberating the free macrocycle. An example of a template synthesis, 
from the condensation reaction between [Ni(en) 3 ](C104)2 and acetone4'5 '6 '7 has 
already been given in Figure. I.I. A high yielding synthesis of perhaps the most 
studied of tetraaza macrocycles, cyclam ([ 14]aneN4)61 is given in Figure. 1.12. The 
metal is first complexed to bis(aminopropyl) ethylenediamine, then ring closure is 
effected with glyoxal to give a di-imine complex. Subsequent reduction to the 
tetraamine, followed by demetallation with cyanide yields the free macrocycle in high 
yield. It is interesting to note that if the amine and glyoxal are reacted together in the 
absence of Ni(II) then no macrocycle is formed. 
0:~H 
 H H CN NH2 ° LN 7N 	a: BH4 CNH HN 
Ni 	 Ni 2 
N 	NH 2 	 N 	b:CN 	NH HN H H 
Figure 1.12: The Template Synthesis of Cyclam. 
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Template reactions work well for tetraazamacrocyles, but are inappropriate for 
rings of less than 14 atoms. Koyama and Yoshino 62 reported the preparation of 
triazamacrocycles by a non-template low-dilution method in 1972. This was modified 
by Richman and Atkins 63 to give a route to macrocycles with 3 to 8 nitrogen donors 
in rings containing 9 to 24 members. The synthesis of [9]aneN3  by this route is 
illustrated in Figure. 1.13. The reaction proceeds via the ring closure of the sodium 
salt of a pertosylated polyamine with a tosylated diol. Tosyl groups are then removed 
using H2SO4 to give products in yields of 50 to 80%. The Richman-Atkins synthesis 
of azamacrocycles has become widely used and was employed for the preparation of 











Figure 1.13: Richman-Atkins Synthesis of [9]aneN3. 
A recent development in the synthesis of azamacrocycles has been the 
preparation and subsequent reduction of cyclic polypeptides. The synthesis of a series 
of C-substituted [15]aneN5 macrocycles 49 has been reported by Riley et al for the 
preparation of Mn(II) complexes as superoxide dismutase (SOD) mimics 50 (see 
section 1.3). These authors report that C-substitution of intermediates leads to greatly 
diminished yields via the Richman-Atkins method of cyclisation. 
1.5 Functionalisation Of Aza Macmcycles. 
Much work has been reported on the N-functionalisation of azamacrocycles 
to yield novel pendent-arm ligands. The addition of pendent arms has created a 
range of ligands which can benefit from the thermodynamic and kinetic stability that 
macrocycles offer. Functionalisation of [9]aneN 3  has yielded a series of potential 
hexadentate ligands, the main examples of which are summarised in Table I.I. 
14 
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Table 1.1: 
	
Tris Functionalised Derivatives of [9]aneN 3 . 










65 CH2CO2C2H5 66 
66 CH2CH2OH 67 
68 CH2PO(Ph)2 69 
70 CH2(2-pyridine) 71 
72 CH2P(Ph)2 73 
74 CH2CH(CH3)SH 75 
76 CH2PO(Ph)(OH) 77 
75 
The ligands described in Table 1.1 have been designed in order to prepare 
metal complexes for a wide range of different applications. The Mn(IV) complex of 
1 ,4,7-tris(2-hydroxyethyl)- 1 ,4,7-triazacyclononane has recently been found to catalyse 
the epoxidation of alkenes by hydrogen peroxide 78, and related compounds are 
currently being used as detergent additives. One reason for preparing tris-
functionalised [9]aneN3 ligands is that the resulting complexes often have very high 
stability constants. Thus, complexes of tris-functionalised ligands have found uses as 
medical reagents, where transport of thermodynamically stable complexes in vivo is 
necessary without decomposition and deposition of the metal into the body. Three 
medical techniques which currently utilise such complexes are magnetic resonance 
imaging (MRI), tumour imaging and tumour targeting 79 . 
Magnetic resonance imaging uses paramagnetic metal complexes (eg Gd) to 
affect the relaxation rate of water in vivo, which allows images of organs to be seen 
using magnetic resonance techniques. Tumour imaging and targeting are techniques 
where radiolabelled complexes are designed which accumulate in tumour tissue and 
either destroy such tissue (tumour targeting) or allow imaging of such tissue. 
Phosphinic acid derivatives 77 '7985 have been prepared by Parker et al for 
the complexation of Ga, Gd, In and Y radioisotopes to be used in these medical 
techniques described above. Figure 1.14 illustrates a C-functionalised derivative of 
15 
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[9]aneN3 which has been prepared for linkage to monoclonal antibodies for 
radiolabelling studies 80. Phosphinic acids have been chosen for their resistance to 
acid-catalysed decomplexation and their ability to act as strong a donors to cations 
of high charge density 77 . Similarly, Moore et al have reported 1,4,7-tris(2-
mercaptoethyl)- 1 ,4,7-triazacyclononane and its Ga3+  complex74 as a small neutral 
species of potential radiopharmaceutical interest for brain or heart imaging. 
NO 2 
OH 	 OH 
0ICH3 	0I,CH3 
N 	N 
\—N 	 0 0 
0 	 NH 
P,...- - 
OH 	 5 
CH3 o 
Figure 1.14: A Macrocyclic Ligand Designed for Attachment to Monoclonal 
Antibodies. 
The preparation of tris functionalised triazamacrocycles can be carried out in 
several ways64. Attack of NH to displace halide has been used to incorporate 
acetate65 , pyridine71 and bipyridine72 groups. Alcohols67 '76 and thiols74 have been 
incorporated by the ring opening of the corresponding epoxides and thiiranes. The 
technique employed by Parker et alto introduce phosphinic acids 80 involves the 
condensation of the macrocycle with formaldehyde and the appropriate dialkoxyalkyl 
phosphine in a Mannich type reaction. The 2-amino ethyl function 70 has been 
introduced by Sargeson by reaction with phthalimido acetaldehyde, followed by 
reduction (sodium cyanoborohydride) and then acid hydrolysis. The product 1,4,7-
tris(2-aminoethyl)- 1 ,4,7-triazacyclononane is a precursor in the preparation of 
hexaamine cage ligands70'86. Recently Wieghardt has reported a more elegant eight 
FEi 
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step synthesis for the incorporation of pendent thiophenolates 75 to [9]aneN3.  The Fe 
complex of this ligand has been prepared as a model for the Fe-S centre in Nitrile 
Hydratase. 
1.6 Asymmetric Functionalisation Of Aza Macmcycles. 
Much less work has been reported on the incorporation of one or two pendent 
arms64 to [9]aneN3 . This reflects the greater synthetic difficulties involved. Kaden 
has reported the incorporation of one pendent arm carboxylate 87 by the reaction of 
chioroacetic acid with a five-fold excess of [9]aneN3  (Figure 1.15). The unreacted 
macrocycle is recovered in high yield 88 . This same technique has been employed by 
Moore et alto incorporate a single pendent arm bipyridine 89 '90 to [9]aneN3 (Figure 
1.16). 
	
HN 	NH C1COOH 
 HN 	NCOOH 
~LN 	 —NJ 
H 
Figure 1.15: Reaction of Chioroacetic Acid With Excess [9]aneN3. 
HN NH 	&0_/C HN N 
—N—) No. 	NJ 
H 	 H 	 NO 
Figure 1.16: Reaction of 6(Ch1 oromethyl)2,2!bipyridine  With Excess [9]aneN3. 
The drawback of this technique is that it is not applicable to other forms of 
functionalisation where an excess of alkylating agent is needed. In a similar manner 
Sargeson reports the isolation of [9]aneN 3 with two 2-aminoethyl groups91 as a side-
product in the preparation of the tris functionalised macrocycle. The ligands are 
separated by the preparation of the Co(III) complexes. Parker has prepared a 
17 
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monophosphinic80 acid derivative of [9]aneN 3, shown in Figure 1.17. The 
preparation of the tris functionalised macrocycle yields the bicyclic 
tetrahydroimidazole species as a side-product. This comes from the condensation of 
two of the ring nitrogens with a molecule of formaldehyde. Acid hydrolysis of the 














IOEt CNJ  CH3  ________ 
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/ 	\ IOH 
CH 3 
Figure 1.17: Synthesis of a Monophosphinic Acid Derivative of [9]aneN3. 
(i) (EtO) 2PMe and (CH20) 
There has been more work reported on the monofunctionalisation of tetraaza 
macrocycles64. Kaden has developed a route to such ligands 92'93 '94  by selective 
methylation of three N donors, allowing the free N to react by cyanomethylation to 
yield a pendent nitrile. Reduction of the nitrile species affords a pendent aminoethyl 
group94. Assorted workers have reacted excess [14]aneN4 (cyclam) with alkylating 
agents to give rise to a series of monofunctionalised ligands 64, as shown in figure 
1.18 
I1 
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R = CH 2 CO0 	R = CH 2 CH 2 CO0 
HR 	
R = (CH2)3C00 R = CH 2 CH 2NH 2 
C 11111 R = CH2__-©_C00 
R = CH 2- 
- OOC 
Figure 1.18: Monofunctionalised Derivatives of [14]aneN 4 (cyclam). 
Parker84 and Yaouanc 95  have both reported a technique for the 
monofunctionalisation of [12]aneN41 whereby three of the donor atoms are protected 
by complexation to a Mo(CO) 3  moiety. The free N atom can then be functionalised 
by alkylation and the new ligand isolated by demetallation under acid conditions. 
This is illustrated in Figure 1.19. Further functionalisation has also been reported, to 
yield macrocycles with different pendent groups. 
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H N  N 
H NN ,, 11 
MO(CO)6 
Figure 1.19: A Monofunctionalised Derivative of [12]aneN 4. 
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The incorporation of pendent arms is also possible via modification of the 
macrocyclic backbone 38,64.  In azamacrocycles this allows for secondary amine 
donors rather than tertiary. However, such syntheses are necessarily more complex 
and require cyclisations to be repeated for each new ligand. For crown ethers and 
thioethers it is of course necessary to functionalise via the carbon backbone. 
1.7 Amides And Alcohols As Donors To Metal Centres. 
Amides are traditionally considered to be poor donors to transition metal 
centres96. However, incorporation of these groups into macrocycles greatly enhances 
the stability of amide complexes through a combination of the macrocyclic and 
chelate effects. 
The amide (peptide) group is ubiquitous in biological systems, being the link 
between amino acid residues in proteins. An early example of the ability of proteins 
to interact with metals was the biuret colour observed when Cu(II) ions are allowed 
to react with peptide bonds in alkaline solution 97 . Consideration of the structure of 
the amide group98 helps to explain how it can interact with metal centres. The 
amide moiety is essentially flat due to its resonance structure whereby the N lone pair 
is delocalised onto the 0 atom (Figure 1.20). This delocalisation makes the N atom 
a poor a-donor to metal centres, although the 0 atom is capable as acting as a a-
donor. Coordination of the 0 atom to a metal centre leads to increased double bond 
character of the C-N bond, and this can be seen by NMR studies of interactions 
between N,N-dimethylamides and alkali/alkaline earth metals 99 . Such interactions of 
the 0 donor are, however, weak due to the poor basicity of the 0 atom (PKa  approx. 
= -1). Transition metals can substitute for the amide proton (alkali/alkaline earth 
metals are not strong enough Lewis acids for this) in order to complex, but they 
suffer from the competing reaction of metal-ion hydrolysis. 
R 	0 	 R 	0 
/ N _< 
4 	0 ,N 3( 
H 	R 	 H 	R 
Figure 1.20: The Resonance Behaviour of Amides. 
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Coordination of amides to transition metal ions is greatly enhanced if there 
is a primary chelating site (anchor) on the amide to stabilise the metal-amide 
interaction 96. Figure 1.21 illustrates an example of such chelation in the triglycine 
Cu(II) complex 100, which has a stability constant of 5.24. It can be seen that 2 of the 
amide groups have been deprotonated in order to coordinate to the metal centre. An 
alternative view of this deprotonation is the replacement of one Lewis acid (H+)  by 
a better Lewis acid (C u2+) . 
11~ - 
H2 N 	No 
Cu 2 + 
/\ 
0 
Figure 1.21: The Cu(II) Complex of Triglycine. 
Similar effects have been seen by introduction of amide functionalities into 
aza macrocycles. Examples of these are the 13, 14 (dioxocyclam) and 15-membered 
macrocyclic dioxotetraamines 101 reported by Kimura et al, which are shown in 
Figure. 1.22. Complexation of these ligands with several of the transition metals has 
been reported 102 ' 103 , with deprotonation of the amides to yield dianionic ligands. 
One important point to note is that the Ni(II) and Cu(II) complexes are acid labile, 
unlike their cyclam analogues 104. Oxidation to Cu(III) gives a product that is more 
stable than the corresponding Cu(III) cyclam complex 105 , with the anionic amide N 
stabilising the highly-charged metal more so than an amine donor. 
Reaction of dioxocyclam with K2PtCI4 has been reported to give a mixture 
of two different products 106, shown in Figure. 1.23. In the first example the 
macrocycle is bound to the metal via only the amine donors and the metal is also 
bound to 2 chloride ligands. In the second example the amide donors are also bound 
to the metal, with the subsequent loss of two protons. 
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Figure 1.22: The 13, 14 and 15-Membered Macrocyclic Dioxo Tetraamines. 
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Figure 1.23: Two Alternative Complexation Modes for Dioxocyclam. 
Alcohols are also considered to be poor donors to transition metal centres. 
However, incorporation of alcohols into macrocycles as pendent arms greatly 
increases the stability of such complexes  67.  The study of the coordination chemistry 
of alcohols is of biological relevance as two amino acids (serine and threonine) are 
found to contain alcohol groups. 
Hancock and Wieghardt have reported the synthesis of pendent alcohol 64 
derivatives of tris functionalised [9]aneN3.  Peacock has also reported the 
incorporation of pendent arms of greater steric bulk 76" 07 and also pendent arms 
derived from chiral epoxides 76' 107 ' 108 . One important point to note from this work 
is the effect of the metal oxidation state upon the alcohol. Metals of oxidation state 
I or II tend to have the pendent arms coordinated as alcohols. However, metals in 
oxidation states of III or more lead to deprotonation of the alcohol to yield an 
alkoxide donor. The greater Lewis acid character of a metal in a higher oxidation 
state, the greater is the corresponding acidity of the proton on the coordinated 
alcohol. An alternative view of this is that metals in higher oxidation states are 
stabilised by alkoxides as they are more effective it-donors. 
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1.8 	Objectives. 
The major objective of this work was to synthesize a range of asymmetrically 
functionalised ligands based upon the parent macrocycle [9]aneN3.  As mentioned in 
sections 1.5 and 1.6, much work has been reported on the symmetric functionalisation 
of [9]aneN3,  but less on asymmetric functionalisation. This body of work has been 
confined to the incorporation of pendent-arm alcohols and to the study of their 
complexation with the late transition metals. However, the ligand syntheses could be 
developed further to incorporate other pendent-arms and also to synthesize 
macrocycles which contain more than one type of pendent arm. 
Tris-functionalised triazamacrocycles tend to form symmetrical complexes, 
with all coordination sites being filled by one ligand (depending upon the metal ion). 
However, metal sites in biological systems are often asymmetrical in nature, such as 
the Cu(II) coordination geometry in blue-copper proteins 40 (Section 1.3). Thus, 
asymmetric ligands may have potential for trying to mimic the active sites in 
metalloproteins. The majority of the ligands discussed in this work leave vacant sites 
on the metal which could potentially be filled by a range of small ligands. 
Chapter 2 discusses the synthesis of ligands based upon [9]aneN3.  Further 
chapters describe the complexation of these ligands with a range of metals. Certain 
ligands have been designed which contain amide functions as part of the ring. The 
interaction of the amide group with metal centres is reported in Chapters 3 and 4. The 
introduction of lipophilic tail groups (alkyloxy biphenyl) onto [9]aneN 3 for the 
synthesis of liquid crystalline complexes is also discussed. Model complexes for such 
liquid crystalline structures are introduced in Chapter 5. 
Modification of macrocycles by the incorporation of different donor atoms into 
the ring affects the potential for addition of pendent arms. Thus, the azalthia 
macrocycle [9]aneNS2  has only one amine donor available for further 
functionalisation. The addition of pendent arms to this macrocycle is discussed in 
chapter 6, along with complexes with Ni(II) and Cu(II). 
Finally, Chapter 7 describes the preparation of Pd(II) complexes of some 
open-chain tetraaza ligands. The ability of these ligands to stabilise changes in 
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2.1 	Introduction. 
2.1.1 The Synthesis and Reactivity of Tricyclic Tnsaminomethanes. 
The ligands described in this chapter are derived from the polycyclic 
trisaminomethane derivative of [9]aneN 3 (belonging to the class known as 
"orthoamides") shown in Figure 2.1. The systematic name for this compound is 1,4,7- 
triazatricyclo[5.2.1.04' 10]decane, henceforth to be referred to as L 1 '. 
NN 
CY—) 
Figure 2.1: The Orthoamide Derivative of [9]aneN3 (LlSt) 
Interest in cyclic orthoamides and related compounds stemmed initially from 
the unusual reactivity that such compounds show in comparison to their non-
macrocyclic analogues 1091 15  In 1974 Richman reported the reaction between 
[12]aneN4 (cyclen) and C(0C 2H5)4 to yield the tetracyclic amine 109 shown in 
Figure 2.2. Protonation of this species with HCl affords an intramolecular 
guanidinium ion, in which all the ring CH 2 groups are equivalent in the 
l H NMR 
spectrum at room temperature. This has been attributed to a fluxional process 
whereby all N atoms interconvert on the NMR timescale. Non-macrocyclic analogues 
such as C(NMe2)4  show no such reactivity and dissociate irreversibly into HNMe 2 









Figure 2.2: The Tetracyclic Amine Derived From [12]aneN4. 
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The insertion of PR groups into [1 2]aneN 4, via the reaction of RPF 4 (R = Ph, 
Me) with N,N',N",N"'-tetrakis(trimethylsi lyl) [1 2]aneN 4 was also reported by 
Richman 11°  in 1977 (Figure 2.3). This method was developed further by 
Atkins'  1,112  to incorporate phosphorus atoms into triazamacrocycles, via reaction of 
P(NMe2) 3  with the corresponding macrocycle. The reaction of [12]aneN 3 by this 
method is illustrated in Figure 2.4. The tricyclic phosphorus triamide derived from 
[9]aneN3 could not be isolated and this was attributed to ring-strain caused by the 
expected long P-N bond length1 ll• 
/-\ 
MeSi SiMe3 
, NH  HN 	
Bu Li 	








NH HN Me3Si_jSiMe3 	 NN 




P(NMe 2 ) 3 
Figure 2.4: The Synthesis of Tricyclic Phosphorus Triamides. 
The insertion of the CH group into triazamacrocycles was reported by several 
workers in 1980113115,1 17 Table 2.1 illustrates a series of orthoamides reported 
by Atkins' 15 (including LiA), prepared by reaction of the parent macrocycle with 
(CH30)2CHNMe2
. The yields of these reactions and the the chemical shifts of the 
CH bridgehead protons are also presented in Table 2.1. Weisman' 13  and Wuest' 14 
reported independently the same series of compounds, via reaction of the appropriate 
macrocycles with HC(0C 2H5) 3 , however yields were poorer by this method. 
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Table 2.1: 	1 H NMR Shifts of the Bridgehead CH in Tricyclic Orthoamides. 
Orthoamide 	 Yield (%) 	 ö(CH) (ppm) 
N 	N 
	
88 	 5.03 CT-j  
N 	N 	 91 	 4.04 
CN—)  
C




81 	 2.31 
C N  :) 
Several workers in this area commented upon the wide range of chemical 
shifts for the CH bridgehead proton of these orthoamides, and also upon the absence 
of Bohlmann bands in the JR spectrum of the orthoamide derived from [9]aneN3 
(L 1 A), although these bands were present in the JR spectra of the other orthoamides. 
Bohlmann bands appear between 2700 and 2800 cm -1 and are attributed to C-H bond 
stretching antiperiplanar to a lone pair118'1 19  Wuest1 
 17  also reported IR bands at 
Ca. 2450cm-i for the orthoamide derived from [12]aneN 3  (LIB).  This was attributed 
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to mixing of the N lone pair orbitals with the UCH* orbital of the methine group. 
The variation in I H NMR chemical shifts for the CH protons has also been attributed 
to an interaction with the N lone pairs. Generally, protons antiperiplanar to a lone 
pair resonate upfield of those gauche or syn to a lone pair. This effect is attributed 
to a combination of noCH* interactions and C-C/C-H magnetic anisotropies 120123 . 
Upon the basis of the JR and 'H NMR spectral evidence, the 9-membered 
(LL&) and 12-membered (LIB) .orthoamides have been assigned the conformations 
shown in Figure 2.5. In LIA the N lone-pairs are synperiplanar to the CH group, 
whilst in L 1 ' the N lone-pairs are antiperiplanar to the CH group. Additionally, 
computer simulation of the 'H NMR coupling data for LIA  suggests that the ring 
protons are eclipsed in solution, to give molecular C3v  symmetry1 15 
H 
Figure 2.5: The Ring Conformations of the Orthoamides of [9]aneN3  and [12]aneN 3 . 
The two conformations illustrated in Figure 2.5 have important consequences 
for the reactivity of these two species. Thus, L 1 ' reacts readily with Hg(OAc) 2 via 
anti elimination of the methine proton to yield mercurous acetate and a guanidinium 
cation 117  However, L 1 shows no such reactivity. This has been attributed to the 
orientation of the N lone-pairs with respect to the CH group. Therefore, the rate of 
syn elimination of mercury and acetic acid must be slow in comparison to the rate 
of anti elimination. This is illustrated in Figure 2.6. 
The crystal structure of the 12-membered orthoamide (methylated at the 
bridgehead carbon , LIC) has been reported more recently 124, as both the trihydrate 
and also in the anhydrous form (Figure 2.7). The structure of the trihydrate confirms 
the all-trans configuration proposed in Figure 2.5, although the anhydrous material 
has a 1:1 mixture of the all-trans configuration and the cis, cis, trans configuration, 
where two of the lone pairs are syn periplanar. 




N  N 	 - v. slow reaction -_ - 
Hg(OAc)2 	
r 
__________ 	N 	-N 
+ HO Ac + Hg 
fast 
H 
Figure 2.6: The Reactivity of Orthoamides With Hg(OAc) 2 . 
Figure 2.7: 	The Crystal Structure of the Orthoamide of [12]aneN 3 (Methylated at 
the Bridgehead C Atom, LIC). 
The structure of the complex M o(L 1 B)(CO) 3 has also been reported 125 and 
this is shown in Figure 2.8. The orthoamide ligand adopts the expected all-trans 
conformation to act as a tridentate donor to the metal centre. One important point to 
note is the strained N-Mo-N bond angles which range from 57.7(1) to 58.0(1)0 . 
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Figure 2.8: The Crystal Structure of Mo(LIB)(CO)3. 
2.1.2 Reactions of Orthoamides with Electrophiles. 
The suitability of orthoamides as potential precursors to functionalised 
macrocyles was first reported by Weisman and co-workers in 1987 126 .  Figure 2.9 
illustrates the reaction of LIA with PhCH 2Br in THE This reaction initially yields 
the monoalkylated cationic intermediate shown, which shows no further reactivity to 
alkylating agents. Hydrolysis of this cationic intermediate in H 20 affords I -benzyl-4-
formyl-1,4,7-triazacyClOnOnane (0), where all 3 N atoms have now been 
differentiated. 
Ph 	Br 	 Ph 	 0 
N 	N 	 N 	N 	 N 	N 	H 
N 	
PhCH2 Br 	 H2 0 
H 
Figure 2.9: Reaction of L 1 A with PhCH2Br. 
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The lack of reactivity of the cationic intermediate in Figure 2.9 is explained 
in part by the crystal structure of the analogous N'-(3-phenoxypropyl)-4,7-diaza-1-
azoniatricyclo[5.2.1.04'10]decane bromide reported by Peacock 127 in 1993. A view 
of the cation is shown in Figure 2.10. This monoalkylated product derived from LIA 
(by reaction with BrCH 2CH2CH2OPh) shows considerable distortion at the 
bridgehead CH towards the amidinium form. This is reflected in the bond lengths 
between the capping CH and N atoms. The quaternary N to CH bond length is 
considerably longer at 1.668(9)A compared with the other two N-CH bond lengths 
of 1.398(9) and 1.419(9)A. Figure 2.11 illustrates the two resonance structures, which 
results in a deactivation of the non-alkylated N atoms. 
Figure 2.10: 	The crystal structure of N'(3-phenoxypropyl)-4,7-diaZa-1 
azoniatricyclo[5.2.l .04' 10]decane bromide. 
CT,+—) 	—NJ 
Figure 2.11: The Resonance Forms of an Alkylated Orthoamide. 
31 
Chapter 2: Ligand Synthesis 
Weisman 126  also reported the suitability of the orthoamide of [9]aneN3 (LL&) 
as a precursor for preparing 'linked" macrocycles. This is illustrated in Figure 2.12. 
Two equivalents of LIA  are reacted with a terminal di-iodo alkane to afford a 
dicationic intermediate. Aqueous hydrolysis, followed by basic hydrolysis yields two 
[9]aneN3 macrocycles linked by an alkyl chain. 
Such "ear-muff" ligands have been reported previously by much lower-
yielding syntheses. The original synthesis by Takamoto 128 quoted a yield of –1%. 
This was increased to 40% by Wieghardt 129 , through a synthesis involving statistical 
di- tosylation of [9]aneN3, followed by alkylation with dibromoethane and then 
detosylation. The orthoamide approach is more straightforward and results in a higher 
yield. 
The preparation of such "ear-muff" ligands is of interest for the synthesis of 
bimetallic complexes whicn could potentially activate small molecules through 
bridging modes between the metal centres130' 131, 132 
NN N 	N 	 N 	N 
No CT ICH2CH21  21 
N 	 N 	 N 
ZH2 0 
H NN 	NN H 
_N 	 —NJ 
1K OH/Et OH 
HN 	N 	N 	NH 
—NJ —NJ 
Figure 2.12: Preparation of a Linked "Ear-Muff" Ligand From LIA 
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2.1.3 Aims Of Work. 
The aim of the work described in this chapter was to expand upon the Scheme 
reported by Weisman and co-workers for the selective N-protection of [9]aneN 3 (see 
Sections 2.1.1 and 2.1.2). It was apparent to us that the Scheme which had been 
developed would allow the selective N-functionalisation of [9]aneN 3 . In particular, 
we were interested in the addition of pendent donor groups to [91aneN3  and the 
possibility to prepare a range of novel asymmetrically functionalised ligands. The 
starting material for all of these ligands is the orthoamide (LLA)  derived from 
[9]aneN3. 
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2.2 Results and Discussion. 
2.2.1 Preparation of Starting Materials. 
1,4,7-triazacyclononane ([9]aneN3) was synthesized in moderate yield 
following the method reported by Richman and Atkins for the synthesis of 
azamacrocycles63 . Permethylation of [9]aneN3 was carried out by a standard 
literature procedure' 33 (using HCOOH and H2CO) to afford 1,4,7-trimethyl-1,4,7-
triazacyclononane (Me3[9]aneN3). This is illustrated in Figure 2.13. The purity of 
these materials was confirmed by 'H and 13C NMR spectroscopy, and details of the 
syntheses are included in the experimental section. 







CH 2 O 
H I 
CH 3 
Figure 2.13: Preparation of Me3[9]aneN3. 
The conversion of [9]aneN3 into its orthoamide derivative, 1,4,7-
triazatricyclo[5.2.1.04'10]decane (L 1 A), was also achieved in high yield by reaction 
of the macrocycle with neat (CH30)2NMe2. L 1 A was purified by bulb-to-bulb 
distillation. The predicted structure of LIA has been discussed previously (Section 
2.1.1) and an illustration of the predicted ring configuration is presented in Figure 
2.5. In order to confirm this configuration a single crystal X-ray structure 
determination was undertaken. 
2.2.2 Single Crystal X-Ray Structure of 1,4,7-triazatricyclo[5.2.1.04'10]deCafle (LIA). 
The structure of an orthoamide derivative of [12]aneN 3 , 1,5,9-
triazatricyclo [7.3.1 513  ]tridecane (L1 
C),  has been reported previously as both the 
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trihydrate and in the anhydrous form 124. To obtain L1C  in its anhydrous form it was 
initially distilled from CaH 2 and then cooled in a sealed capillary. Similar precautions 
were therefore taken to ensure that L1A  was free from water prior to crystallisation. 
A sample of L IA  was twice distilled under N 2 and sealed in a Pyrex capillary tube. 
Crystallisation of the sample was then effected by cooling in a stream of liquid 
nitrogen. Problems were encountered initially in the crystallisation process due to 
super-cooling. However, freezing of the sample at 247K followed by partial melting 
eventually gave a region which exhibited extinction under cross-polarised light. The 
melting point of the sample was estimated to be in the range 256-261K. A full 
explanation of the crystallisation process is given in the experimental section, along 
with details of the structure solution and refinement. 
A plot of the structure is given in Figure 2.14. Relevant bond lengths, angles 
and torsions are presented in Tables 2.1-2.3. The N lone pairs are found to be syn 
periplanar to the CH group, confirming the predictions 3115 of Atkins, Weisman 
and Wuest. The molecule possesses no crystallographically imposed symmetry, every 
atom being unique. However, the molecule does exhibit C 3 symmetry within 
experimental error, the crystal being a racemate of two enantiomorphous 
conformations. The three five-membered rings have an almost pure twist 
conformation with a two-fold axis through C(10). The two peripheral C atoms [eg. 
C(2) and C(3)] are found to lie 0.30(3)A above and below the plane defined by C(10) 
and two N atoms [eg. N(1) and N(4)]. This allows partial staggering of the H atoms 
around the ring. 
Atkins 5 has predicted on the basis of 1 H NMR coupling constants that this 
molecule has C3v  symmetry in solution, which implies that the 5-membered rings are 
planar. This contradicts the staggered configuration which is seen in the crystal 
structure.The most likely explanation of this is that the two alternative enantiomers 
are present in solution and interconvert on the NMR timescale. Thus, the observed 
NMR spectrum will be time averaged and will be a mean of the two enantiomers. 
Variable-temperature NMR spectroscopy would be required to confirm this prediction. 
A final point to note from this structure is the disposition of the N lone-pairs 
relative to each other. The result of this is that L1A  is incapable of acting as a 
facially-coordinating ligand, unlike LB  (see Figure 2.8). 
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Figure 2.14: View of the Single-Crystal X-Ray Structure of 1,4,7-triazatri-
cyclo[5 .2.1 	10]decane (L1 A)• 
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Table 2.1: 	Selected Bond Lengths (A) for 1 .4.7-triazatricvclo[5 .2.1 .o4 , 1 0] decane. 
N(1)-C(10) 	........... 1.472(3) N(1)-C(9) 	............ 1.476(4) 
N(1)-C(2) 	............ 1.477(3) C(2)-C(3) 	............ 1.528(4) 
C(3)-N(4) 	............ 1.474(3) N(4)-C(5) 	............ 1.473(3) 
N(4)-C(10) 	........... 1.478(3) C(5)-C(6) 	............ 1.519(4) 
C(6)-N(7) 	............ 1.484(3) N(7)-C(10) 	........... 1.473(3) 
N(7)-C(8) 	............ 1.473(3) C(8)-C(9) 	............ 1.521(4) 
Table 2.2: 	Selected Bond Angles (°) for 1.4,7-triazatricvclol5.2.1.0 4' 10ldecane. 
C(10)-N(1)-C(9) 	....... 105.4(2) C(10)-N(1)-C(2) 	....... 104.5(2) 
C(9)-N(1)-C(2) 	........ 114.2(2) N(1)-C(2)-C(3) 	........ 104.3(2) 
N(4)-C(3)-C(2) 	........ 102.4(2) C(5)-N(4)-C(3) 	........ 113.6(2) 
C(5)-N(4)-C(10) 	....... 104.3(2) C(3)-N(4)-C(10) 	....... 106.1(2) 
N(4)-C(5)-C(6) 	........ 104.7(2) N(7)-C(6)-C(5) 	........ 102.3(2) 
C(10)-N(7)-C(8) 	....... 104.2(2) C(10)-N(7)-C(6) 	....... 105.6(2) 
C(8)-N(7)-C(6) 	........ 114.0(2) N(7)-C(8)-C(9) 	........ 103.8(2) 
N(1)-C(9)-C(8) 	........ 102.4(2) N(1)-C(10)-N(7) 	....... 108.9(2) 
N(1)-C(10)-N(4) 	....... 108.7(2) N(7)-C(10)-N(4) 	....... 108.9(2) 
Table 2.3: 	Selected Bond Torsions () for 1.4.7-triazatricvclol5.2.1.0 4' 10ldecane. 
C(9)-N(1)-C(2)-C(3) 	. . . . 83.2(2) C(10)-N(1)-C(2)-C(3) 	. . . -31.4(2) 
C(2)-N( 1 )-C(9)-C(8) 	. . . . - 144.9(3) C( 1 0)-N( 1 )-C(9)-C(8) 	. . . -30.8(2) 
C(2)-N( 1 )-C( 1 0)-N(4) 	. . . 13.4(1) C(2)-N( 1 )-C( 1 0)-N(7) 	. . . 131.9(3) 
C(9)-N(1)-C(10)-N(4) 	. . . -107.2(2) C(9)-N(1)-C(10)-N(7) 	. . . 11.3(1) 
N( 1 )-C(2)-C(3)-N(4) 	. . . . 37.8(1) H(2A)-C(2)-C(3)-H(3A) . . -85.7(25) 
H(2A)-C(2)-C(3)-H(3B) . . 39.5(23) H(2B)-C(2)-C(3)-H(3A) . . 40.1(24) 
H(2B)-C(2)-C(3)-H(3B) . . 165.4(22) C(2)-C(3)-N(4)-C(5) 	. . . . -143.2(3) 
C(2)-C(3)-N(4)-C(10) . . . . -29.2(2) C(3)-N(4)-C(5)-C(6) 	. . . . 84.1(2) 
C( 1 0)-N(4)-C(5)-C(6) . . . . -31.0(2) C(3)-N(4)-C(10)-N(l) 	. . . 10.6(1) 
C(3)-N(4)-C(10)-N(7) 	. . . -107.9(2) C(5)-N(4)-C(10)-N(l) 	. . . 130.8(3) 
N(4)-C(5)-C(6)-N(7) 	. . . . 38.1(1) H(5A)-C(5)-C(6)-H(6A) . . 36.6(26) 
H(5A)-C(5)-C(6)-H(6B) . . 158.9(23) H(5B)-C(5)-C(6)-H(6A) . . -79.6(27) 
H(5B)-C(5)-C(6)-H(6B) . . 42.6(23) C(5)-C(6)-N(7)-C(8) 	. . . . -143.8(3) 
C(5)-C(6)-N(7)-C(10) . . . . -30.0(2) C(6)-N(7)-C(8)-C(9) 	. . . . 82.0(2) 
C(10)-N(7)-C(8)-C(9) . . . . -32.6(2) C(6)-N(7)-C(10)-N(1) 	. . . -106.7(2) 
C(6)-N(7)-C(10)-N(4) 	. . . 11.7(1) C(8)-N(7)-C(10)-N(1) 	. . . 13.7(1) 
C(8)-N(7)-C(10)-N(4) 	. . . 132.2(3) N(7)-C(8)-C(9)-N(l) 	. . . . 39.6(2) 
H(8A)-C(8)-C(9)-H(9A) . . -82.0(27) H(8A)-C(8)-C(9)-H(9B) . . 46.4(24) 
H(8B)-C(8)-C(9)-H(9A) . . 39.8(26) H(8B)-C(8)-C(9)-H(9B) . . 168.2(23) 
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2.2.3 1fonnyl-1,4,7-triazacycIOflOflane (HOC[9]aneN3) 
0 
N 	N 	 HN 	N H 
CT_j --No. —NJ N 
Figure 2.15: Preparation of HOC[9]aneN3. 
1-formyl-I ,4,7-triazacyclononane  (HOC[9]aneN3) was prepared by hydrolysis 
of the orthoamide (LLk) in dilute hydrochloric acid for 8 hours with yields ranging 
from 50 to 70% (Figure 2.15). The yield of 87% quoted by Weisman 126 was never 
achieved in our hands. The 13C NMR spectrum of HOC[9]aneN3 is presented in 
Figure 2.17. Six methylene resonances are observed because of the restricted rotation 
around the C-N bond of the amide moiety (see Figure 2.16). Thus, each C atom of 
the ring is unique, in contrast to [9]aneN3 which exhibits a single 13C resonance due 
to the equivalence of all ring C atoms. This complexity in the 13C NMR spectrum 
is a motif which is consistent in the spectra of all the ligands containing the formyl 
group (see below). The structures of HOC[9]aneN3 and (HOC[9]aneN3H)BPh4 were 
determined by single crystal X-ray crystallography and are discussed in detail in 
chapter 3 (Sections 3.2.1 and 3.2.2). One important point to note from these structures 









Figure 2.16: The Resonance Structures of HOC[9]aneN3. 
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Figure 2.17: 13C NMR DEPT Spectrum of HOC[9]aneN3. 
2.2.4 1formyI4,7biS(2hydmXY2met1YlPmPYD 1 ,4,7-triazacydononane 
(L2H2 ). 
NJ 	NJ OH 
HO 	 HO 
Figure 2.18: Preparation of L 2H2 . 
L2H2  was prepared in quantitative yield from the reaction between 
HOC[9]aneN3 and excess isobutylene oxide in EtOH for 10 days (Figure 2.18). The 
incorporation of pendent alcohols by the reaction of 20  amines with isobutylene oxide 
is based upon Peacock's modification of the method of Sayer et a167 . It is of note 
that the two pendent-arms each give slightly different chemical shifts in the l H and 
Wt 
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NMR spectra. Thus, for the methyl groups on the pendent arms of L 2H2 the 
NMR resonances are at 1.11 and 1.13 ppm and the 
13C NMR resonances are at 27.85 
and 28.09 ppm. This is attributed to the restricted rotation of the formyl group (see 
Section 2.2.3), causing the two pendent-arms to be in slightly different chemical 
environments. One possible contributory factor to these shifts could be intermolecular 
H-bonding between the amide and alcohol groups. However, simple ball and stick 
models show that the pendent-arms are of insufficient length for such interactions to 
be feasible. 











Figure 2.19: Preparation of L 3H2 . 
L3H2 was prepared from L 2H2  (in 96% yield) by basic hydrolysis 
(KOH/EtOH) to remove the formyl group (Figure 2.19). Initial attempts at hydrolysis 
in aqueous KOH were found to be incomplete after 24 hours, however the stronger 
conditions of 20 equivalents of KOH in EtOH proved to be very effective. If this 
reaction was not carried out under an atmosphere of N 2  then the reaction mixture 
turned black after several hours. The removal of the formyl group from L 2H2 leads 
to simplified 1 11 and 13C NMR spectra for L 3H2 . 1,3112  is more symmetrical than 
its precursor and thus the number of 13C methylene resonances is halved from 8 to 
4. This is illustrated in Figure 2.20. 
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Figure 2.20: 13C NMR DEPT Spectra of L2H2 and L3H2 . 
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In order to confirm the structure of L 3H2 and also to ascertain the extent of 
any ligand "pre-organisation", a single crystal X-ray structure determination was 
undertaken. 
2.2.6 Single Crystal X-Ray Structure of 1,4-bis(2-hydroxy-2-methylpropyl)-1,4,7-
triazacyclononane (L3H2). 
A single crystal of L3H2 was obtained from the slow evaporation of a CDCI 3 
solution of the ligand. Details of the structure solution and refinement are given in 
the experimental section. Selected bond lengths, angles and torsions are presented in 
Tables 2.4-2.6. The macrocyclic ring was found to be disordered, with the major 
conformation (denoted by ') refining to a site occupancy of 0.663(8). The minor 
conformation is denoted by ". No disorder was apparent in the pendent-arms. A view 
of the major conformer is given in Figure 2.21. The structure was also found to 
contain one molecule of CDC1 3 per asymmetric unit which makes 2 long-range 
contacts with both oxygen atoms of the pendent arms (H-Ol: 1.731(6) and H-04: 
1.811(7)A). A packing diagram which illustrates these contacts is shown in Figure 
2.22. 
In each of the disordered rings the macrocycle is found to adopt a [333] 
conformation. The question of "pre-organisation" of this ligand is complicated by the 
presence of the pendent-arms. The cavity does appear at first sight to be pre-
organised to complex to a metal-centre. However, the actual process of complexation 
may involve the alcohol donors coordinating to the metal initially and then the 
involvement of the macrocyclic ring The X-ray determination does however confirm 
the expected structure of this ligand. 
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Table 2.4: 	Selected Bond Lengths (A) for 1.4-bis-(2-hvdroxv-2-methvlpropvl)- 
1 .4.7-triazacvclononane. 
C(9')-N( 1') 
















1.476(8) N(4")-C(5") 1.479(16) 
1.471(8) C(3")-N(4") 1.473(16) 
1.513(8) C(2")-C(3") 1.513(16) 
1.471(9) N(1")-C(2") 1.468(16) 
1.474(9) C(9")-N(1") 1.465(17) 
1.525(9) C(8")-C(9") 1.523(17) 
1.477(9) N(7")-C(8") 1.485(16) 
1.469(9) C(6")-N(7") 1.480(16) 
1.507(9) C(5")-C(6") 	........... 1.512(16) 
1.482(7) N(4")-C(4A) 	.......... 1.464(12) 
1.475(8) N(1 ")-C(lA) 	.......... 1.453(12) 
1.538(6) C(4A)-C(4B) .......... 1.526(6) 
1.517(6) C(4B)-C(4C) .......... 1.523(7) 
1.526(7) C(4B)-C(4D) .......... 1.517(7) 
1.434(5) C(4B)-0(4) 	........... 1.420(6) 
1.766(5) Cl(3)-C 	.............. 1.765(5) 
1.739(5) 
Table 2.5: 	Selected Bond Angles (°) for 1 ,4-bis-(2-hvdroxy-2-methvlpropyl)- 1.4,7- 
triazacyclononane. 
C(9')-N(1')-C(2') 112.6(5) C(3")-N(4")-C(5") 114.7(10) 
N(1')-C(2')-C(3') 114.5(5) C(2")-C(3")-N(4") 112.6(9) 
C(2')-C(3')-N(4') 115.8(5) N(1")-C(2")-C(3") 114.1(9) 
C(3')-N(4')-C(5') 113.0(5) C(9")-N(1")-C(2") 113.9(10) 
N(4t)-C(5')-C(6') 111. 1(5) C(8")-C(9")-N(l") 108.3(10) 
C(5')-C(6')-N(7') 112.7(5) N(7")-C(8")-C(9") 115.5(10) 
C(6')-N(7')-C(8') 114.0(5) C(6")-N(7")-C(8") 111.3(10) 
N(7')-C(8')-C(9') 111. 1(5) C(5")-C(6")-N(7") 111.9(10) 
C(8')C(9')N(1') 113.5(5) N(4")-C(5")-C(6") 113.8(10) 
C(2')-N(1')-C(lA) 115.3(5) C(3")-N(4")-C(4A) 109.8(9) 
C(9')-N(1')-C(lA) 114.4(5) C(5")-N(4")-C(4A) 111.8(9) 
C(3t)-N(4')-C(4A) 113.0(5) C(2")-N(1")-C(lA) 116.4(9) 
C(5')-N(4')-C(4A) 	...... 113.9(5) C(9")-N(l")-C(lA) 	..... 107.8(9) 
N(1')-C(lA)-C(lB) 	..... 115.9(4) N(4")-C(4A)-C(4B) 	..... 114.1(5) 
N(4')-C(4A)-C(4B) 	..... 117.1(4) N(1")-C(1A)-C(1B) 	..... 112.0(5) 
C( I A)-C( 1 B)-C( 1 D) ..... 108.1(4) C(4A)-C(4B)-C(4D) ..... 108.8(4) 
C(1A)-C(1B)-O(1) ...... 110.6(3) C(4A)-C(4B)-0(4) ...... 110.5(4) 
C(1C)-C(1B)-C(1D) ..... 110.8(4) C(4C)-C(4B)-C(4D) ..... 111.7(4) 
C(1C)-C(1B)-0(1) 	...... 105.3(3) C(4C)-C(4B)-0(4) ...... 109.9(4) 
C(1D)-C(1B)-O(1) ...... 109.7(3) C(4D)-C(4B)-0(4) ...... 104.9(4) 
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Table 2.6: 	Selected Bond Torsions (°) for 1.4-bis-(2-hydroxy-2-methylpropyl)- 
1 .4.7-triazacvclononane. 
C(8')-C(9')-N( I ')-C(2') 
C(9')-N( 1 ')-C(2')-C(3') 


















N( 1 ")-C(2")-C(3")-N(4") -53.5(13) 
C(9")-N( I ")-C(2")-C(3") -65.5(13) 




N(4")-C(5 ")-C(6")-N(7") 	. -49.2(13) 
Figure 2.21: A View of the Single Crystal X-Ray Structure of 1,4-bis-(2-hydroxy-2-
methylpropyl)- 1 ,4,7-triazacyclononane (L 3H2). 
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Figure 2.22: A View of the Packing Diagram for 1 ,4-bis-(2-hydroxy-2-methyl-
propy1)1,4,7-triaZaCYClOfl0flafle (L 3H2)- 
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2.2.7 	 (L4). 
Ph 	Br 	 Ph 	 0 






Figure 2.23: Preparation of L 4 . 
Figure 2.23 shows the reaction scheme for the preparation of L 4, which has 
been reported previously by Weisman 126. The reaction of PhCH 2Br with LIA  in 
THF affords the monoalkylated cationic intermediate, which is not susceptible to 
further alkylation (see section 2.1.2). Hydrolysis of this cationic intermediate in water 
affords L4  in 90% yield. The conditions quoted by Weisman for the first step is 24 
hours at room temperature. However, we found the reaction to be complete (with 
precipitation of the ionic intermediate) in a matter of minutes. The 1 H and 
NMR spectra of L4 (Figure 2.25) were complicated again due to the presence of the 
formyl group. L4  has two isomeric forms (Figure 2.24) which do not interconvert on 
the NMR timescale. Therefore, the 13C NMR spectrum of L4 should exhibit 12 
methylene ring resonances for the macrocyclic ring. Only 11 are observed and this 
is attributed to 2 signals being coincident. The 2 alternative formyl resonances can 
be seen distinctly in both the 1 H (7.79 and 7.93 ppm) and 13C (163.01 and 163.17 
ppm) NMR spectra. Integration of the 1 H NMR spectrum indicates the presence of 




HO- 	 —OH 
Figure 2.24: The Two Configurational Isomers of L 4 . 
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Figure 2.25: I H and 13C NMR (DEPT) Spectra of 1-Benzyl-4-formyl-1,4,7-
triazacyclononane (L4). 
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2.2.8 1-benzyl-1,4,7-triazacyclonOflafle (L 5 ). 





Figure 2.26: Preparation of L 5 . 
HN 	NH 
< —NJ  
10 
Basic hydrolysis of L4 afforded L5 in 95% yield, as shown in Figure 2.26. 
The 1 H and 13C NMR spectra of L5  were found to be greatly simplified from those 
of L4. The 13Cspectrum of L 5 is presented in Figure 2.27. 
F 	 I 	 I 	 I 	 I 	 I 
140 120 100 80 60 40 
ô (ppm) 
Figure 2.27: The 13C NMR Spectrum of 1-benzyl-1,4,7-triazacyclononane (L 5). 
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OH 	 OH 
N )  0 
Figure 2.28: Preparation of L6 H2* 
L6H2  was prepared in quantitative yield from the reaction between L 5 and 
excess isobutylene oxide in EtOH, as illustrated in Figure 2.28. No further 
purification of the product was necessary as the NMR data showed the product to be 
pure with no starting materials or impurities present. 
2.2.10 1-benzyl-4-(2-hydroxy-2-methyl propyl)- 1,4,7-triazacyclononane (L 
7H). 
Ph 	
OH 	 "i, 	OH 
P Ph 	 h 




ZAI-11*11 14, 11 
	 H 
HO 	 HO 
Figure 2.29: Preparation of CH. 
The preparation of CH in 88% yield from 0 is illustrated in Figure 2.29. 
Addition of a pendent alcohol was achieved in quantitative yield by the reaction of 
L4  with excess isobutylene oxide in EtOH. The formyl group was then removed in 
high yield by basic hydrolysis in KOWEtOH. The structure of CH was confirmed 
by NMR analysis. 
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Figure 2.30: The Preparation of L 8 . 
The mono N-functionalisation of [9]aneN3  by the incorporation of one benzyl 
group (L5) has been shown to work in high yield (Section 2.2.8). The incorporation 
of a modified benzyl group was also undertaken to ensure the general applicability 
of this reaction. The reagent chosen was 4-bromomethyl-4'-(hexyl oxy) biphenyl, and 
the reaction of this material with L1A  to prepare L 8 is illustrated in Figure 2.30. 4-
Bromomethyl-4'-(hexyl oxy) biphenyl was prepared in Edinburgh by Dr. Ian Fallis. 
L8 was prepared as a potential ligand for the preparation of metal complexes which 
may exhibit liquid-crystalline behaviour. A general discussion of liquid crystalline 
ligands and complexes is given in Chapter 5. 
Although problems were anticipated with the solubility of intermediates, due 
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to the lipophilicity of the hexyl oxy biphenyl group, none were encountered. The 
reaction between L 1 A and 4-bromomethyl-4'-(hexyl oxy) biphenyl proceeded 
smoothly to give the expected product in 89% yield. 'H and 
13  C NMR spectroscopy 
confirmed the structure of the product. 
2.2.12 The Incorporation of One Pendent Arm Alcohol to [9]aneN 3 . 
The orthoamide derivative L1A  has been shown to react in high yield with 
alkyl halides to form monofunctionalised derivatives of [9]aneN 3 . The preparation of 
linked "ear-muff" ligands has also been illustrated by the reaction of LIA  with 
terminal dihalo alkanes (eg. dibromoethane). The preparation of mono-functionalised 
[9]aneN3 with one pendent-arm alcohol should therefore be possible by an analogous 
route. 
Reaction of LIA  with BrCH2CH20H was unsuccessful. The failure of this 
reaction was attributed to the potential elimination of HBr from BrCH 2CH20H to 
generate ethylene oxide, as illustrated in Figure 2.31. Reaction of LIA  with 
BrCH2CH20H should give the cationic intermediate shown. Basic attack at the 
alcohol would then eliminate ethylene oxide and regenerate L1A.  It was therefore 
decided to protect the alcohol group of BrCH 2CH20H before reaction with L 1 '\ 
r- )n 
Br 	OH  
N 	N 	 N± N H 




Figure 2.31: Proposed Reaction of LIA  with BrCH2CH20H. 
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Four different groups were used to protect BrCH 2CH20H, illustrated in 
Figure 2.32. Thus, the alcohol was protected as an acetyl ester (a), a benzoyl ester 
(b), a tetrahydropyranyl (THP) ether (c) and as a benzyl ether (d). The synthesis of 
these derivatives is described in the experimental section. All 4 were reacted with 
L 1 A in a variety of solvents (ether, toluene, THF) for 2-3 days, then hydrolysed in 
water for 5 hours and finally refluxed in KOHIEtOH for 24 hours. The products from 
these reactions were characterised by NMR spectroscopy. The only successful 
reaction proved to be that between the benzyl ether protected derivative, 
BrCH2CH20CH2Ph (d), and L1A  (described in Section 2.2.13). The success of this 
reaction has been attributed to the stability of the benzyl ether to hydrolysis (acid or 
base). The ester derivatives are susceptible to both acid and base hydrolysis, whilst 
the THP ether is susceptible to acid hydrolysis, although stable to base hydrolysis. 
Br' 
(a) 







Br  __~ "~O 
(d) 
Figure 2.32: Alcohol-Protected Derivatives of BrCH 2CH20H. 
The materials obtained from the unsuccessful reactions appeared to be a 
mixture of products, giving complex NMR spectra which could not be assigned. 
Purification of these mixtures by column chromatography was expected to be 
troublesome, since amines can give very poor resolution. Such routes could 
potentially work well if the intermediates were isolated and purified. However, this 
was not pursued as the reaction of L IA  with BrCH2CH20CH2Ph was found to be 
effective. 
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2.2.13 1 ,4,7-triaza- 1 -cyclononyl ethanol (014). 
Figure 2.33 illustrates the preparation of L 9H. The initial step involves the 
preparation of BrCH 2CH2OCH2Ph via reaction of BrCH 2CH2OH with PBr3 . The 
product was contaminated with PhCH 2Br and purification was necessary by flash-
column chromatography. Reaction of BrCH 2CH20CH2Ph with L1A  in diethyl ether 
for 5 days, followed by hydrolysis in water, then basic hydrolysis (KOHJEtOH) 
afforded [9]aneN3  with one pendent -CH 2CH2OCH2Ph group in 64% yield. The 
benzyl group was then removed by hydrogenolysis in acetic acid to afford the product 
L9H in 90% yield. 
C 11) 













Figure 2.33: Preparation of L 9H. 
One important difference between L 9H and the ligands described previously 
is that L9H contains a primary alcohol rather than a tertiary alcohol. Primary alcohols 
are susceptible to oxidation (unlike tertiary alcohols) and care must be taken to avoid 
metal redox processes with L 9H. 
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2.3 Conclusions. 
A series of asymmetrically functionalised ligands based upon the parent 
macrocycle [9]aneN3  have been synthesized (see Figure 2.34 for general reaction 
scheme). The route to these ligands has been via the orthoamide derivative 1,4,7-
triazatricyclo[5.2.1.04' 10]decane (L), and the reaction of this species with 
electrophiles. The ligands prepared contain a range of pendent groups. These include 
pendent alcohols, benzyl groups, formyl groups and the hexyloxy biphenyl group. The 
yields for the majority of these reaction were in excess of 80%, even prior to 
optimisation. 
The presence of the formyl group was found to complicate NMR spectra by 
creating asymmetry around the macrocyclic ring. Such complexity in spectra was lost 
upon removal of the formyl group. 
The structure of 1 ,4,7-triazatricyclo [5.2.1 .o4,1 °]decane (L1 A)  was determined 
by a single crystal X-ray study. The structure confirmed that already predicted by 
assorted workers. The staggered ring conformation of L IA  contradicted that predicted 
from NMR simulation and this was attributed to fluxionality of the molecule in 
solution. 
The structure of 1 ,4-bis(2-hydroxy-2-methyl propyl)- 1 ,4,7-triazacyclononane 
(L3H2) was determined by a single crystal X-Ray study. This confirmed the structure 
and showed long-range contacts between both pendent alcohols and a CDCI 3 
molecule of crystallisation. 
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Figure 2.34: General Reaction Scheme for the Functionalisation of [9]aneN 3 . 
Reagents and Conditions Are Listed in the Sections Indicated. 
L6H2 L 
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2.4 Expenmental 
2.4.1 Synthesis of [9]aneN3. 
This was prepared according to the Richman and Atkins modification 63 of the 
method of Koyama and Yoshino62. There are six steps [(a)-(f)] in the synthesis, 
which are outlined below. 
Preparation of 1 ,2-b is  1(p-tolylsulphonyl)oxylethane. 
Ethane-1,2-diol (40g, 0.644mo1) was dissolved in dry pyridine (400cm 3) and 
five equivalents of tosyl chloride (306.93g, 1.61mol) were added at 0 °C. After 
refrigeration overnight, the reaction mixture was added to hydrochloric acid (1L, imol 
dm 3) and the precipitate which formed was filtered off, washed with large volumes 
of water and dried. Recrystallisation from CH 202 - MeOH afforded the product as 
a white solid; (174.2g, 73%); 1 H NMR (200.13 MHz, CDC13) ô = 2.50 (6H, s, 
Arli3), 4.42 (4H, s, d112) and 7.58 (8H, dd, Ar.j). 
Preparation of N.N'.N "-tris(v-tolylsulphonyl)diethylene triamine. 
Diethylene triamine (50.0g, 0.484mo1) and NaOH (60g. 1.5mol) were 
dissolved in 2L of water in a 5L beaker equipped with a mechanical stirrer and a 2L 
dropping funnel. This solution was stirred vigorously whilst a solution of tosyl 
chloride (277.2g, 1 .454mo1) in diethyl ether (2L) was added dropwise over a period 
of 2 hours. After stirring for a further 1 hour most of the ether had evaporated and 
the reaction mixture had begun to solidify. Methanol (750cm 3 ) was added, the 
mixture was stirred for a further 15 minutes and then the solid product was filtered 
off and washed with copious volumes of water. The material was washed further with 
methanol, then ether and dried in vacuo; (177.9g, 65.0%); m.p. 172-174°C; 1 H NMR 
(200.13 MHz, CDC13) ö = 2.41 (3H, s, ArCh3), 2.58 (6H, s, ArCh3),  2.95 (4H, m, 
NCH2), 3.10 (4H, m, NChI2) and 7.45 (12H, m, Arth. 
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(c) Preparation of the Disodium Salt of N.N'.N"-tris(p-tolylsulphonvl)diethylene-
triamine. 
N,N',N" -tris(p-tolylsulphonyl)diethylene triamine (400g, 0.707mo1) was 
suspended in commercial EtOH (3.5L) and Na metal (57.6g, 2.50mol) was added in 
small chunks over a period of 1 hour, taking care to keep the temperature below 
700C. The solution was then stirred at 0 °C overnight. The product was filtered off, 
washed with ether and dried in vacuo. The disodium salt was hygroscopic and had 
to be stored in a desiccator; (387.9g, 90.1%). 
Preparation of N,N'.N"-tris(p-tolylsulphonyl)- 1,4,7-triazacyclononane. 
A suspension of the disodium salt of the tosylated triamine (400g. 0.656mo1) 
and 1,2-bis[(p-tolylsulphonyl)oxy]ethane (242.7g, 0.656mo1) was stirred in DMF 
(2.5L) at 105 0C for 24 hours (mechanical stirrer). The solution was then cooled 
and poured into 15L of iced water (with vigorous stirring !). The precipitate which 
formed was filtered off and washed well with water. Recrystallisation could be 
carried out whilst the product was still wet. The solid was dissolved in the minimum 
volume of CH202 which gave rise to an aqueous and an organic phase. The two 
phases were separated, 4 equivalents of methanol was added to the organic layer and 
the solution was kept at -20 0C overnight. The product was filtered off, washed with 
a small volume of cold methanol and dried in vacuo; (240.4g. 62.1%); 1 H NMR 
(80.13 MHz, CDC1 3) ô = 2.40 (9H, s, ArCff3),  3.40 (12H, s, NCff2)  and 7.23-7.74 
(12H, dd, Arjj); 13C NMR (DEPT, 3ir/4, 50.32 MHz, CDC13) 6 = 21.39 (ArCH3), 
51.72 (NCH2), 127.34 (aromatic H) and 129.76 (aromatic H). 
Preparation of 1,4.7-Triazacyclononane Trihydrobromide. 
Concentrated sulphuric acid (150cm 3) was purged with N 2 and heated to 
700C. N,N',N" -tris(p-tolylsulphonyl)- 1 ,4,7-triazacyclononane (50g. 0.085mol) was 
then added carefully in small portions. The temperature was raised further to 110 °C 
and the reaction stirred for 48 hours. After being allowed to cool , the black solution 
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was transferred to a dropping funnel and added dropwise to dry EtOH (500cm 3), 
yielding the polyhydrosuiphate salt as off-white floccules (if the solution was not 
added dropwise then the precipitate often aggregated into large unwieldy lumps). Dry 
ether (300cm 3) was added and the solution cooled to 0 °C. The solid was filtered off 
and washed with ether. The polyhydrosulphate salt was then dissolved in the 
minimum volume of water (approx. 50cm 3) and an equivalent volume of conc. HBr 
was added to precipitate the hydrobromide salt of the product. This was filtered off 
(fritted filter funnel), washed with a small volume of conc. HBr and dried in vacuo; 
(23.48g, 74.3%); 'H NMR (200.13 MHz, D 20) ö = 3.69 02H, s, CH2); 13C NMR 
(50.32MHz, D20) 6 = 41.31 (çH2). 
(f) Isolation of 1 ,4,7-Triazacyclononane. 
1 ,4,7-Triazacyclononane trihydrobromide (20.0g, 0.053mo1), toluene (200cm 3), 
water (20cm 3) and NaOH (0.680g. 0.17mol) were placed in a 500cm 3 round-
bottomed flask fitted with a Dean and Stark trap. The mixture was then refluxed for 
24 hours. The toluene was decanted off, and a further 50 cm 3 of toluene was added 
and heated to 50 0C to extract any remaining product from the NaBr crust which had 
formed. This was also decanted and the toluene was removed on the rotary 
evaporator. Ether (2 x 20cm 3) was added at the end to drive off any residual toluene. 
The product was a clear oil (occasionally pale yellow) which crystallised upon 
storage at -20°C; (5.59g, 81.8%); I H NMR (200.13 MHz, CDC1 3) 6 = 2.28 (12H, 
s, Cl2),  El-MS m/z 129 (Mt). 
2.4.2 Synthesis of 1 ,4,7-trimethyl-1 ,4,7-triazacyclononane (Me 3[9]aneN3). 
This was prepared according to a modified procedure of the Eschweiler-Clarke 
methylation of secondary amines 133 . [9]aneN3  (1.0g. 0.0077mo1) was added to a 
mixture of 98% formic acid (5m1), paraformaldehyde (3.0g, equiv. to 0.lmol of 
CH20) and water (3.5cm 3). This mixture was refluxed for 24 hours under N 2, then 
transferred to a 25cm 3 beaker and cooled to 0 °C. The pH was adjusted to 12 with 
sodium hydroxide soin., taking care to keep the temperature below 20 0C and the 
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product was extracted with CHC1 3 (5 x 50cm3). The combined extracts were dried 
(MgSO4) and the solvent removed under reduced pressure to give a pale yellow oil. 
This was distilled on a shortway bulb-to-bulb distillation apparatus to give the 
product as a clear viscous oil which was stored at -20 °C; (0.642g, 48.5%); 'H NMR 
(200.13 MHz, CDCI3) ô = 2.24 (9H, s, NCH3)  and 2.51 (12H, s, NCH 2); 13C NMR 
(50.32 MHz, CDCI3) ô = 46.63 (N.H3) and 56.95 (NçH2);  El-MS mlz 171 (Mt). 
2.4.3 Synthesis of 1,4,7-triazatricyclo[5.2.1.04'10]decane (LA). 
This was prepared according to the method of Atkins 115 [9]aneN3 (4.8g, 
0.037 mol) was added to 96% N,N-dimethylformamide dimethylacetal (4.8g, 0.039 
mol) and this mixture was refluxed for 5 hours. The evolution of dimethylamine from 
the reaction required the use of a fume hood. Methanol and unreacted acetal were 
removed on the rotary evaporator at 40 0C and the remaining yellow oil was distilled 
on a shortway bulb-to-bulb distillation apparatus. The product distilled to a clear 
viscous oil which solidified upon storage at -20 °C; (3.80g, 85.4%); 1 H NMR (200.13 
MHz, CDC1 3) ö = 2.15-2.59 (12H, m, CH2,  AA'BB' pattern) and 4.41 (1H, s, CH); 
Found: C, 59.0: H, 10.1: N, 30.3%. C7H 13N3 requires: C, 60.4: H, 9.35: N, 30.2%; 
IR(thin film) 3400br s, 2943w, 2879w, 1664m, 1459m, 1339m, 1140m, 1091m and 
997m cm-1 ; El-MS mlz 138 (M). 
2.4.4 Single Crystal X-Ray Structure of 1,4,7-triazatricyclo[5.2.1.0 4 ' 10]decane 
(L). 
A freshly-distilled sample of L1A  was sealed in a pyrex capillary tube and 
mounted in a thermally-insulating Tufnol pip on a Stoë Stadi-4 four-circle 
diffractometer equipped with an Oxford Cryosy stems low-temperature device. 
Although the melting point of the sample was estimated to be in the range 256-261K, 
controlled crystallisation in this temperature range was hampered by localised super-
cooling. Crystal growth was eventually achieved by freezing the sample in liquid 
nitrogen, then partially melting it by interrupting the cold stream. The liquid-solid 
phase boundary could then be controlled at 247K, with the Cryostream nozzle-sample 
Wt 
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distance at 50mm. This arrangement, which tended to maximise local temperature 
fluctuations in the sample, gave a region which exhibited extinction between cross- 
polarised light and was shown to be crystalline when investigated by diffractometry. 
Crystal Data: 
C7H 13N3 , M = 139.20. Monoclinic, spacegroup P2 1 1n, a = 6.027(3), b = 
11.177(3), c = 10.715(4)A, /3 = 97.03(4) 0, V = 716.3(5) A3 [from 20 values of 15 
reflections measured at ±(26 :~ 20 :g 320), A = 0.071073A, T = lOOK], Z = 4, D 
= 1.29 lgcm 3 . Crystal dimensions 0.50 x 0.30 x 0.30 mm, IJ(MoKa) = 0.082 mm -l '  
F(000) = 304. 
Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, /28 scan mode using the learnt profile method. 
Graphite-monochromated Mo-Ka radiation: 1262 data collected 26max = 50.02 0, 7 
:5 h g 7, 0 :5 k :~ 13, 0 ~ 1 :5 12), 1262 unique data (Rt = 0.0000) giving 1253 with 
F > 4a(F). No crystal decay, no absorption correction. 
Structure Analysis and Refinement: 
The structure was solved by direct methods using SHELXS-86 and refined on 
F2  using SHELXL-93. All atoms were refined with anisotropic thermal parameters 
and H atoms were not constrained. At final convergence REF 2t 40(F), 1253 data] = 
0.0607, wR[F2,  all data] = 0.1920, S[F2] = 1.029 for 144 parameters. The weighting 
scheme w = [o2(F02) + (0.1 173P) 2 ± 0.5530P], P = 1/3[MAX(F02, 0) + 2F2] gave 
satisfactory agreement analyses. The final difference Fourier synthesis contained no 
peak above +0.302 and no peak below -0.302 eA 3 . 
2.4.5 Synthesis of 1-formyl- 1 ,4,7-triazacyclononane (HOC[9]aneN3). 
This was prepared according to the method of Weisman et a1126 . 1,4,7-
triazatricyclo[5.2.1.04'10]decane (LL&) (5g. 0.036mol) was stirred in hydrochloric 
acid (20cm3 , 2.8mol dm -3) at room temperature for 8 hours. The solution was then 
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cooled to 0°C and the pH was adjusted to 12 with NaOH soin. (5 mol dm-3). The 
product was extracted immediately with CHC1 3 (5 x 50cm3), the combined extracts 
were dried (MgSO 4) and the solvent removed under reduced pressure to give a clear, 
viscous oil which crystallised upon standing. Recrystallisation from CHC1 3 - hexane 
gave white needles; (2.61g. 44.6%); 1 H NMR (200.13 MHz, CDC1 3) ô = 2.01 (2H, 
s, NH),  2.65-2.77 (4H, m, Cff2),  2.98-3.10 (4H, m, CR2),  3.31-3.44 (4H, m, CH2) 
and 8.11 (1H, s, NCJjO); 13 C NMR (50.32 MHz, CDCI3) ö = 46.58, 48.14, 48.62, 
49.20, 49.73, 52.59 (H2) and 163.79 (NCHO); Found: C, 54.4: H, 10.1: N, 26.4%. 
C7H 15N30 requires: C, 53.5: H, 9.62: N, 26.7%; IR(KBr disc) 3321s (NH), 2879s 
(CH), 1656vs (CO), 1450s, 1161s, 971m and 762s cm -1 ; El-MS mlz=157 (M). 
2.4.6 Synthesis of 1 -formyl-4,7-bis(2-hydroxy-2-methylpropyl)-1 ,4,7-tri-
azacyclononane (L 2H2)' 
1 -formyl- 1 ,4,7-triazacyclononane (HOC [9] aneN 3) (0.60g, 0.003 8mol) and 
isobutylene oxide (1.20g, 0.016mol) were dissolved in ethanol (5cm 3 ) in a 10cm3 
round-bottomed flask. The flask was sealed with a greased stopper and then left for 
10 days. Removal of the solvent and excess oxirane in vacuo afforded the product as 
a pale yellow oil. No further purification was necessary, as the NMR spectra showed 
no starting materials to be present; (1.14g, quantitative); 1 H NMR (200.13 MHz, 
CDC13) ô = 1.11 (6H, s, Cfl3),  1.13 (6H, s, Cff3),  2.51 (4H, s, CR2,  arm), 2.65 (4H, 
s, CR2,  ring), 2.93 (4H, m, C H2, ring), 3.47 (4H, m, CH2, ring), 4.51 (2H, br s, OH) 
and 8.10 (1H, s, NCHO);  13C NMR (DEPT, 3t/4, 50.32 MHz, CDC1 3) ô = 27.85, 
28.09 (CH3 ), 50.06, 52.66, 56.76, 58.60, 58.80, 59.04 (H2, ring), 70.27 and 71.73 
(CH2, arm) Found: C, 59.0: H, 9.77: N, 14.9%. C 15H31 N303 requires: C, 59.8: H, 
10.4: N, 13.9%; El-MS mlz 302 (Mt). 
2.4.7 Synthesis of 1 ,4-bis(2-hydroxy-2-methylpropyl)-1 ,4,7-triazacyclononane 
(L3H2). 
1 -formyl-4,7-bis(2-hydroxy-2-methylpropyl)- 1 ,4,7-triazacyclononane (L 2H2) 
(0.450g, 0.0013 mol) was added to potassium hydroxide (1.48g. 0.026mo1) in EtOH 
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(10cm3) and this mixture was refluxed for 24 hours. The solvent was then removed 
in vacuo and the residue taken up in water (5cm 3 ). The solution was extracted with 
CHCI3 (5 x 25cm 3), the combined extracts were dried (MgSO 4) and the solvent 
removed under reduced pressure to give the product as a pale yellow oil, which was 
stored at -20°C; (0.350g, 96.4%); 'H NMR (200.13 MHz, CDC1 3) 8 = 1.15 (12H, 
s, CH3), 2.54 (4H, s, Cu2, arm), 2.73-2.83 (12H, m, C112,  ring) and 3.50 (2H, br s, 
Oij; 13 NMR (50.32 MHz, CDC1 3) 8 = 28.17 (H3), 48.51, 56.91, 57.23 (CH2, 
ring), 70.05 (H2, arm) and 70.81 {(CH 3 )2OH]; Found: C, 59.4: H, 11.9: N, 14.9%. 
C 14H31 N302 requires: C, 61.5: H, 11.4: N, 15.4%; El-MS mlz 274 (Mt). 
2.4.8 Single Crystal X-Ray Structure of 1,4-bis(2-hydroxy-2-methylpropyl)-1,4,7-
triazacyclononane (011 2)' 
Slow evaporation of a CHC1 3 solution of L3H2 yielded colourless plates of 
X-ray quality. These were found to be stable in air. 
Crystal Data: 
C 1 5H31 N302 .CHC13 , M = 404.8. Orthorhombic, spacegroup Pna21 , a = 
11.813(6), b = 11.300(6), c = 15.231(9)A, V = 2033.1A3 [from 20 values of 32 
reflections measured at ±(25 :g 20 t-. 270),  A = 0.071073A, T = 150K], Z = 4, D 
= 1.28 gcm 3 . Crystal dimensions 0.80 x 0.56 x 0.12 mm, 11(MoKa) = 0.46 mm-l
'  
F(000) = 840. 
Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, /20 scan mode using the learnt profile method. 
Graphite-monochromated Mo-Ka radiation: 1858 data collected 20max = 45.00, 0 
:~ h ~ 14, 0 :5 k :g 13, -18 :g 1 :g 0), giving 1638 with F > 4a(F). No crystal decay, 
no absorption correction. 
Structure Analysis and Refinement: 
The structure was solved by direct methods using SHELXS-86 and refined on 
62 
Chapter 2: Ligand Synthesis 
F2 using SHELXL-93. Substantial disorder was modelled by allowing isotropic 
refinement of two interpenetrant rings with constrained values of C-C and C-N bonds 
which converged at 1.515(7) and 1.472(3)A respectively. The major and minor 
conformers were found to have occupancies of 0.663(8) and 0.337(8) respectively. 
Other non-H atoms were refined with anisotropic thermal parameters, H atoms bound 
to N and 0 atoms were refined positionally and other H atoms were included in 
calculated positions. At final convergence R[F 2: 4o(F), 1638 data] = 0.047 , wR[F 2, 
all data] = 0.104, S[F2] = 1.11 for 217 parameters. The weighting scheme w = 
[02(F02) + (0.00464P)2 + 1.65P], P = 1 /3[MAX(F02, 0) + 2Fc2] gave satisfactory 
agreement analyses. The final difference Fourier synthesis contained no peak above 
+030 and no peak below -0.30 eA 3 . 
2.4.9 Synthesis of 1-benzyl-4-formyl-1,4,7-triazacyclononane (0). 
This was prepared according to the method of Weisman et al. 1,4,7-
triazatricyclo[5 .2.1 decane (L1 A)  (0.50g. 0.0036mo1) and benzy 1 bromide 
(0.615g, 0.0036mo1) were stirred together in THF (2cm 3) for 1 hour to yield a thick 
paste (the reaction time of 24 hours quoted by Weisman was found to be 
unnecessary). Ether (10cm 3) was then added and the solution was filtered to give a 
white solid. This was dissolved in water (10cm 3) and refluxed for 3.5 hours. The pH 
of the solution was adjusted to 12 with sodium hydroxide soln. (5 mol dm-3) and the 
product extracted with CHC1 3 (5 x 50cm3). The combined extracts were dried 
(MgSO4) and the solvent removed under reduced pressure to give the product as a 
yellow oil, which was stored as a standard solution in ethanol at -20 0C; (0.80g. 
89.9%); 'H NMR (200.13 MHz. CDCI 3) ö = 2.35-3.25 (12H, m, NCff2,  ring), 3.49 
(2H, s, NCIj2Ph), 7.13 (5H, br s, Arif),  7.79 and 7.93 (1H, s, NCHO, from 
alternative isomers); 3C NMR (50.32 MHz, CDC1 3) ö = 45.93, 46.03, 46.37, 47.13, 
47.33, 48.19, 49.39, 51.45, 52.12, 54.73, 56.51 (NH2, ring, from alternative 
isomers, assuming 1 coincidence), 61.54 (NH2Ph, assuming both isomers 
coincident), 126.33, 126.53, 127.59, 127.70, 128.26 (aromatic CH, assuming 1 
coincidence), 138.04 (aromatic quaternary, assuming both isomers coincident), 163.01 
and 163.17 (NHO, from alternative isomers); Found: C, 67.4: H, 9.12: N, 16.9%. 
63 
Chapter 2: Ligand Synthesis 
C 14H21 N30 requires: C, 68.0: H, 8.56: N, 17.0%. 
2.4.10 Synthesis of 1-benzyl-1,4,7-triazacyclononane (L 5). 
1 -benzy 1-4-formyl- 1 ,4,7-triazacyclononane (0) (0.3g. 0.001 2mol) was added 
to potassium hydroxide (1.48g. 0.026mo1) in ethanol (10cm 3) and this mixture was 
refluxed for 24 hours. The solvent was then removed in vacuo and the residue taken 
up in water (5cm3). The solution was extracted with CHC1 3 (5 x 25cm3), the 
combined extracts were dried (MgSO 4) and the solvent removed under reduced 
pressure to give a yellow oil. This was distilled on a shortway bulb-to-bulb 
distillation apparatus to give the product as a clear viscous oil which was stored as 
a standard solution in ethanol at -20 °C; (0.251g. 95.1%); 1 H NMR (200.13 MHz, 
CDC13) ö = 2.46-2.59 (12H, m, NCH2  ring), 3.53 (2H, s, NCII2Ph)  and 7.14 (5H, 
m, Arkj);  13C NMR (50.32 MHz, CDC13) ö = 45.77, 45.96, 52.08 (NH2, ring), 
60.97 (NCH2Ph), 126.37, 127.65, 128.32 (aromatic H) and 139.08 (aromatic 
quaternary); El-MS mlz 219 (M t). 
2.4.11 Synthesis of 1-benzyl-4-(2-hydroxy-2-methyl propyl)-1-4-7-triazacyclo-
nonane (L7H). 
1 -benzy 1-4-formyl- 1 ,4,7-triazacyclononane (0) (0.30g, 0.001 2mol) and 
isobutylene oxide (0.250g, 0.0026mo1) were dissolved in ethanol (5cm 3) in a well-
sealed flask and left for 10 days. The solvent and excess oxirane were then removed 
in vacuo and the remaining oil redissolved in ethanol. Potassium hydroxide (1.7g, 
0.030moI) was added to the flask and the mixture was refluxed for 30 hours. The 
ethanol was removed under reduced pressure and the residue taken up in water 
(5cm 3). The solution was then extracted with CHCI 3 (5 x 25cm3), the combined 
extracts were dried (MgSO 4) and the solvent removed under reduced pressure to give 
the product as a pale yellow oil, which was stored as a standard solution in EtOH at 
-20°C; (0.308g, 88.3%); 1 H NMR (80.13 MHz, CDC13) ô = 1.15 (6H, s, C113),  2.55-
2.77 (14H, m, NCIj2  ring and arm), 3.68 (2H, s, NCkL2Ph),  4.41 (1H, s, OH) and 
7.25 (5H, s, Arj); 13C NMR (50.32 MHz, CDC1 3) 8 = 27.98 (H3), 45.18, 47.35, 
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49.41, 54.06, 54.88 (NCH2 ring, assuming 1 coincidence), 62.08 (NCH2Ph), 69.29 
(NCH2 arm), 69.96 [(CH 3 )20H], 126.98, 128.08, 129.30 (aromatic H) and 138.42 
(aromatic quaternary); El-MS mlz 291 (Mt). 
2.4.12 Synthesis of 1-benzyl-4,7-bis(2-hydroxy-2-methyl propyl)-1 ,4,7-
triazacyclononane (L6H2). 
1 -benzy 1-1 ,4,7-triazacyclononane (L 5) (0.420g. 0.001 9mol) and isobutylene 
oxide (0.552g, 0.0076mo1) were dissolved in ethanol (5cm 3) in a 10 cm3 round-
bottomed flask. The flask was sealed with a greased stopper and then left for 10 days. 
Removal of the solvent and excess oxirane in vacuo afforded the product as a pale 
yellow oil. No further purification was necessary, as the NMR spectra showed no 
starting materials to be present; (0.695g, quantitative); 1 H NMR (80.13 MHz, CDC13) 
o = 1.08 (12H, s, Cff3),  2.43 (4H, s, Cu2 arm), 2.72 (8H, m, CH2  ring), 2.88 (4H, 
C2 ring), 3.60 (2H, s, NCH2Ph), 4.45 (2H, br s, OH) and 7.21-7.25 (5H, m, 
ArH); 13C NMR (50.32 MHz, CDC13) 0 = 27.77 (CH3),  57.52, 59.14, 59.78 
ring), 62.55 (H2, arm), 69.56 [(CH 3)20H], 126.46, 127.79, 128.60 (aromatic CH) 
and 139.37 (aromatic quaternary); Found: C, 69.0: H, 10.9: N, 10.3%. C 21 H37N302 
requires: C, 69.4: H, 103: N, 11.6%; El-MS mlz 363 (Mi). 
2.4.13 Synthesis of 4-(hexyl oxy)-4 '-[(1,4,7-triaza-1 -cyclononyl)methyl] biphenyl 
(L8). 
The synthesis of this material was analogous to that of 1-benzyl-1,4,7-
triazacyclononane, the starting material in this instance being 4-bromomethyl-4'-(hexyl 
oxy) biphenyl, prepared in Edinburgh by Dr. Ian Fallis. The 1 H and 13C NMR 
spectral data for 4-bromomethyl-4'-(hexyl oxy) biphenyl are quoted here for 
reference as they were useful in assigning the NMR data for the product; 1 H NMR 
(200.13 MHz, CDC1 3) 0 = 0.92 (3H, t, Cff3), 1.27-1.56 (6H, m, 
OCH2CH2CkI2CkI2CkI2CH3)1 1.81 (2H,tt, OCH2CH2CH2CH2CH2CH3)1 3.99 (2H, 
OCH2CH2CH2CH2CH2CH3), 4.54 (2H, s, BrCff2Ph)  and 6.93-7.67 (8H, m, ArH); 
13 NMR (50.32 MHz, CDC13) 0 = 13.92 (CH3),  22.47, 25.59, 29.09, 31.45, (çH21 
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tail), 33.44 (BrH2Ph), 67.92 (OçH2),  114.65, 126.87, 127.92, 129.32 (aromatic 
CH), 132.49, 135.84, 140.88 and 158.80 (aromatic quaternary). 
1 ,4,7-triazatricyclo[5.2. 1 .o4,1 °]decane (L 1 ) (0.139g, 0.0001 mol) and 4-
bromomethyl-4'-(hexyl oxy) biphenyl (0.347g. 0.0001 mol) were stirred together in 
THF (5cm 3 ) for 1 hour to yield a thick paste. Ether (10cm 3) was then added, and the 
solution was stirred overnight at room temperature. The solid was isolated by 
centrifugation and washed with a small volume of ether. Hydrolysis of the salt was 
then effected by refluxing in a water - ethanol mixture (20cm 3 , 1:1 v/v) for 5 hours. 
The solvent was removed in vacuo and the residue taken up in ethanol (10cm 3). 
Potassium hydroxide (1.48g, 0.026mo1) was then added and this mixture was refluxed 
for 36 hours, followed by the removal of solvent in vacuo. Water (10cm3) was added, 
the solution was extracted with CHC1 3 (5 x 50cm3), the combined extracts were dried 
(MgSO4) and the solvent removed under reduced pressure to give a white oily solid. 
This was taken up in pet. ether (40-60), filtered, and the pet. ether removed in vacuo 
to yield the product as a waxy solid; (0.352g. 88.6%); 1 H NMR (200.13 MHz, 
CDC13) 6 = 0.89 (3H, t, Cu3), 1.23-1.43 (6H, m, OCH2CH2Ckj2CII2CH2CH3), 
1.75 (2H, tt, OCH 2CH2CH2CH2CH2CH3), 2.62-2.74 (12H, br m, CH2  ring), 3.69 
(2H, s, NCJj2Ph)  3.95 (2H, t, OCkI2CH2CH2CH2CH2CH3) and 6.93-7.67 (8H, m, 
Arij; 13C NMR (50.32 MHz, CDC1 3 ) 6 = 13.81 (.H3), 22.35, 25.47, 28.99, 31.33 
(H2, tail), 46.09, 46.28, 52.34 (H2, ring) , 60.94 (NH2Ph), 67.75 (OH 2), 
114.44, 126.25, 127.67, 129.05 (aromatic CH), 132.92, 137.76, 139.29 and 158.35 
(aromatic quaternary); El-MS mlz 395 (M). 
2.4.14 Synthesis of 2-bromoethyl acetate. 
Acetic acid (2.0g. 0.033mo1), dicyclohexyl carbodiimide (7.43g, 0.036mol) and 
dimethyl aminopyridine (0.202g, 0.00 165mo1) were added to CH 2Cl2 (200cm3 ) at 
0°C. A solution of 2-bromoethanol (4.58g, 0.036mo1) in CH202 (20cm3) was then 
added dropwise with stirring over 10 mins. (CARE! addition of the reactants 
simultaneously to CH202 at room temperature caused the reaction to become v. hot 
and to boil vigorously). The solution was allowed to warm to room temperature and 
left stirring for 24 hours. A white precipitate (dicyclohexyl urea) was filtered off, then 
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the solution was washed with hydrochloric acid (0.5M), NaHCO 3 soin. (1 .OM) and 
water. The organic layer was then dried (MgSO 4) and concentrated in vacuo to yield 
a pale yellow oil. This was distilled to give the product as a clear oil; (3.61g. 65.3%); 
IH NMR (250.13 MHz, CDC1 3) ö = 1.94 (3H, s, Cu3),  3.37 (2H, t, CH2Br) and 
4.22 (2H, t, CIj2000CH3); 13C NMR (DEPT, 3 ,x/4,62.89 MHz, CDC1 3) ô = 20.22 
28.39 (—CH 2Br) and 63.30 (H2000CH3); JR (thin film) 2970m, 1744vs 
(CO), 1427m, 1383m, 1221 m, 1074m and 1029w cm; El-MS mlz 167 (M t). 
2.4.15 Synthesis of 2-bromoethyl benzoate. 
The procedure for this synthesis is analogous to that of 2-bromoethyl acetate. 
Benzoic acid (4.03g, 0.033mo1) was used rather than acetic acid and the quantities 
of all other reagents were the same. The product distilled to a clear oil; (6.19g. 
81.9%); 1 H NMR (250.13 MHz, CDCI 3) ö = 3.59 (2H, t, CH2Br), 4.58 (2H, t, 
CIj2OCOPh) and 7.4-8.1 (5H, m, Arkj);  13C NMR (62.89 MHz, CDC13) ô = 28.61 
(CH213r), 63.90 (H2000Ph), 128.15, 129.42, 132.97 (aromatic H), 129.30 
(aromatic quaternary) and 165.69 (CH 2OOPh); El-MS mlz 229 (M). 
2.4.16 Synthesis of 2-(2-bmmoethyloxy)tetrahydropyran. 
This was prepared according to the method described in Vogel's Practical 
Organic Chemistry 134 . 2-Bromoethanol (5.0g. 0.04mol), dihydropyran (3.36g, 
0.04mol) and pyridinium p-toluenesulphonate (1.0g, 0.004mol) were stirred in 
CH202 (200cm3) for 4 hours at room temperature. The solution was then 
concentrated to 50cm 3 , ether (50cm 3) was added and the mixture was washed with 
brine (2 x 100cm3). The organic layer was dried (Mg504), concentrated in vacuo and 
the residue was distilled to give the product as a clear oil. The I H NMR spectrum 
is complicated by the presence of a chiral centre at the CH between the two 0 atoms. 
Thus, all 9 protons in the pyranyl ring are unique. The I H NMR is well resolved, 
although difficult to interpret; (6.1g, 73.0%); 1 H NMR (250.13 MHz, CDC13) ô = 
1.45-1.90 (6H, m, 6CH2CH2CH2CH2CHOCH2CH2Br), 3.41-3.54 (2H, m 
ÔCH 2 CH 2 CH 2 CH 2 CH- OCH2CIL2Br), 3.61-3.99 (4H, m, 
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ÔCIL2CH2CH2CH2HOCH.2CH2 Br) and 4.63 (1H, t, 
OCH2CH2CH2CH2CUOCH2CH2Br); 13C NMR (62.89 MHz, CDC13) ö = 19.03, 
25.13, 30.20, 30.66 (H2Br and 6CH2CH2CH2 H2àH), 62.02, 67.30 (2 x OCH2) 
and 98.69 [OçH(CH2)0]; El-MS mlz 209 (M). 
2.4.17 Synthesis of 2-benzyloxy ethyibromide. 
This was carried out according to the method reported by Smith 135 for the 
bromination of tetrahydrofurfuryl alcohol. PBr 3 (1.55g. 0.0057mo1) and pyridine 
(0.5cm 3 ) were added to freshly distilled benzene (3cm 3) at 60C under N2. 2-
benzyloxy ethanol (2.5g, 0.0165mo1) was then added dropwise over 5 mins. The 
reaction mixture was allowed to warm to room temperature and was stirred for 48 
hours, which gave rise to an orange precipitate. Benzene (20cm 3) was added, the 
solution was washed with HC1 soln. (0.5mol), NaHCO3 soln. (l.Omol) and water. 
CHC13 (20cm3) was added, the solution was dried over MgSO 4, concentrated in 
vacuo and distilled on a shortway bulb-to-bulb distillation apparatus. TLC and NMR 
showed this to be a mixture of product and benzyl bromide (-80:20). This was purified 
by flash column chromatography on silica (10:1 hexane-ether) to give the final 
product as a clear oil; (1.68g, 47.4%); R 1 = 0.35 (10:1 hexane-ether on silica); IH 
NMR (250.13 MHz, CDC1 3) ô = 3.50 (2H, t, OCH2CJj2Br), 3.79 (2H, t, 
OCH2CH2Br), 4.59 (2H, s, PhCH20) and 7.35 (5H, m, Arfl);  13C NMR (62.89 
MHz, CDC1 3); ô = 30.32 (OCH2CH2Br), 69.78 (OH 2CH2Br), 72.95 (PhCH 20), 
127.58, 127.68, 128.31 (aromatic CH) and 137.56 (aromatic quaternary); El-MS m/z 
215 (M). 
2.4.18 Synthesis of 1-(benzyloxy ethyl)-1,4,7-triazacyclononane. 
1,4,7-triazatricyclo[ 5 .2 . 1 .04 ' 10]decane (L 1 ) (0.50g. 0.0036mo1) and 2-
benzyloxy ethyl bromide (0.773g, 0.0036mo1) were stirred in freshly distilled ether 
(10cm3) for 5 days. The solvent was then removed in vacuo and the residue was 
refluxed in water (15cm 3) for 5 hours. The water was removed in vacuo, potassium 
hydroxide (1.6g. 0.028 mol) in ethanol (10cm 3) was added and the mixture was 
M. 
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refluxed for 3 days. The solvent was removed in vacuo, water (5cm 3) was added and 
the solution was extracted with CHC1 3 (5 x 25cm 3). The organic layer was dried 
(MgSO4) and the solvent removed to yield the product as a a pale yellow oil; 
(0.610g, 64.4%); 1 H NMR (CDC13 , 250.13MHz) ö = 2.63 (8H, dt, J=2.82Hz, 
NCH2CH2N), 2.70 (411, s, NCH2CIj2N), 2.77 (2H, t, J=5.78Hz, NCH2CH20), 3.29 
(2H, br s, NU),  3.49 (2H, t, J=5.78Hz, NCH 2Cfl2O),  4.45 (2H, s, PhCff20)  and 7.24 
(5H, m, ArH); 13C NMR (62.89 MHz, CDC13) ô = 45.92, 46.04, 52.77 (NCH2, 
ring), 55.84 (NCH2CH20), 68.58 (NCH2CH20), 72.90 (PhH 20), 127.34, 127.46, 
128.11 (aromatic H) and 137.95 (aromatic quaternary); El-MS m/z 263 (M). 
2.4.19 Synthesis of 1,4,7-triaza-1-cyclononyl ethanol (OH). 
1 -(benzy loxy ethyl)- 1 ,4,7-triazacyclononane (0.50g. 0.001 9mol) was added to 
a suspension of Pd on charcoal (5%, 1.20g) in glacial acetic acid (150cm 3). H2 gas 
was vigorously bubbled through this solution for 5 mins. and then slowly passed over 
the solution for 78 hours 136" 37 . The Pd-C was removed by filtration (glass 
microfibre filter paper), washed with glacial acetic acid and the filtrate was 
concentrated in vacuo. Potassium hydroxide soln. was added to the residue until pH 
= 14, toluene was added and the mixture was transferred to a round-bottomed flask 
fitted with a Dean and Stark trap. The solution was then refluxed for 24 hours to 
remove water and the toluene was filtered and concentrated in vacuo to yield the 
product as a a pale yellow oil; (0.293g, 89.1%); 1 H NMR (250.13 MHz, CDC13 ) ö 
= 2.44 (14H, m, NCH2  ring and NCH2CH20H) and 3.32 (2H, t, J=5.5Hz, 
NCH2Cff20H); 13 C NMR (62.89 MHz, CDC1 3) ô = 45.80, 46.15, 52.06 (NH2 
ring), 58.07 (NH 2CH20H) and 59.40 (NCH2çH20H); El-MS mlz 173 (M). 
CHAPTER THREE 
Structural Studies Upon 
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Chapter 3: Structural Studies Upon HOC[9]aneN3 and Related Compounds 
3.1 	Introduction. 
3.1.1 Hydrogen Bonding Involving The Amide Group. 
This Chapter describes the structural characterisation of 1-formyl- 1,4,7-
triazacyclononane (HOC[9]aneN3 - Figure 3.1) and related triamide derivatives of 
[9]aneN3. Complexation of HOC[9]aneN3 with palladium(II) and nickel(II) ions is 
also discussed. The coordination of amides to metal centres has been introduced 
earlier (Section 1.7), with the following conclusions: the resonance structure of the 
amide bond results in both 0 and N atoms being poor donors to metal centres, 
although complexation is greatly enhanced if the amide N is deprotonated and 
incorporated into a chelate ring. It is now appropriate to consider the structure and 
properties of the amide group a little more closely 138443 . 
HNNH 
—N—) 
Figure 3.1: The Monofunctionalised Ligand HOC[9]aneN3. 
Figure 3.2 illustrates the resonance behaviour of the amide group, with the N 
atom lone pair being delocalised onto the carbonyl 0 atom. This affords a C-N bond 
order of approximately 1.5, and a concomitant barrier to rotation of the C-N bond of 
ca. 75-85 kJmoF' 139 Thus, the period of rotation of the C-N bond in a typical 
amide is approximately 0.1s, which leads to "freezing-out" of isomers when 
performing NMR experiments. The delocalisation of the N lone pair also results in 
a dipole moment for secondary and tertiary amides of 3.75±0.1 D 
140  This dipole 
moment helps explain why amides are particularly efficient at forming H-bonding 
interactions with other molecules, such as phenols, amines and thiols. The strength 
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of typical H-bonds is in the region of 12-25 kJmoV 1 , which is an order of magnitude 









Figure 3.2: The Resonance Behaviour Of Amides. 
Although H-bonding is considered to be a weak interaction, it is still a strong 
enough force to maintain the complex secondary structures of proteins and 
polypeptides 144' 145 . This is well represented in the classic a-helix structure of 
polypeptides, shown in Figure 3.3. The helical structure consists of 3.6 amino acid 
residues per turn, with the carbonyl oxygen of each residue forming a H-bond to the 
N-H of the fourth residue along the chain. These H-bonds are 2.86A in length from 
the 0 atom to the N atom, and the combined effect of all these "weak" interactions 
is to hold the protein in a very specific conformation. 
This secondary structure of proteins is vitally important to the role that they 
perform in natural systems. This has been seen previously (Chapter 1), with regard 
to the structure of haemoglobin 47 '48 and also to the mode of function of blue-copper 
proteins40. The overall morphology of the protein in haemoglobin creates a cleft 
which contains the haem group and also provides a site for binding of oxygen. The 
folding of the protein backbone in blue-copper proteins determines the strained 
coordination geometry around the metal centre. This strained coordination geometry 
allows a rapid change in oxidation state between Cu(I) and Cu(II). 
The secondary structure of proteins is an example of natural "supramolecular" 
chemistry; ie. where the individual components of a system combine to give an 
organised overall structure, via H-bonding and long-range intermolecular interactions. 
Much work has been devoted recently to the development of synthetic supramolecular 
arrays via "molecular recognition" between suitable components 14654. 
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Figure 3.3: The a-Helix Structure of Polypeptides. 
H-bonding is the most common type of interaction used to bind molecules 
together in molecular recognition sites. Figure 3.4 illustrates an artificial receptor 
which has been developed 150  to selectively bind the class of molecules known as 
barbiturates. Six H-bonds are used to hold the molecule (barbital, in this instance) in 
place in a large macrocyclic ring comprised of amide and pyridine functions. The 
structure of the receptor has also been modified to accomodate different degrees of 
substitution on the barbiturate derivative. 
The binding process can be followed by 1 H NMR studies on a mixture of 
receptor and substrate, with substantial shifts (up to 4 ppm) being observed when 
binding takes place. Binding constants are found to be greatly diminished if the 
receptor is a non-cyclic analogue. 
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Figure 3.4: An Example of A Molecular-Recognition Site for Barbital. 
3.1.2 Metal-Ion Promoted and Inhibited Hydrolysis Of Amide Bonds. 
The coordination of simple amides (such as DMF and DMA) to transition 
metals and alkali/alkaline earth metals is discussed in Chapter 4. It is important to 
stress at this point that all reported crystal structures of coordinated amides show the 
amide to bind to the metal centre via the carbonyl 0 atom. 
One significant factor to consider in reactions involving metal ions and amide 
functions is the effect upon the rate of hydrolysis of the amide bond. Several studies 
have been carried out in this area, mainly in the hydrolysis of simple peptides. These 
studies show that coordination of an amide to a metal ion via the carbonyl 0 atom 
promotes the hydrolysis of the amide bond 96. However, substitution of the proton of 
an amide N atom with a metal ion inhibits the hydrolysis of the amide bond to such 
an extent that the rate of such hydrolyses cannot be measured 96. Substitution of an 
amide proton can only occur with i ° and 20  amides (30 amides have no proton to 
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lose) and with transition metal ions. 
Basic hydrolysis of amides proceeds via nucleophilic attack of H 20 or OW 
at the carbonyl C atom. Coordination of a metal ion to the amide oxygen increases 
the positive charge density in the amide C atom and increases its susceptibility to 
nucleophilic attack in neutral solution. 
Two examples of such activation 155-159 are the hydrolysis of 
{Co(NH 3 ) 5 (DMF)1(C104)3 and [Co(en) 2(glyNMe2)}12.Cl04 (DMF = N,N'-
dimethylformamide and glyNMe 2 = N,N-dimethylglycylamide), illustrated in Figure 
3.5. The rate of base hydrolysis of the amides in these complexes has been shown to 
be> 1O4  times faster than for the free amides. JR and NMR spectroscopy show that 
the amide is bound to the metal centre via the 0 atom in both examples. Co(III) was 
chosen for these experiments since the kinetic inertness of the complexes enabled 




H 3Niiii, 	I O H 
H 3N1 ' NH3  
NH 3 
(" NH 2 	I 
H N,, 
Q""NH2 	NMe2 
Figure 3.5: Metal-Ion Promoted Hydrolysis of Amides. 
An example of metal-ion induced amide hydrolysis, which has been attributed 
to N-donation of an amide to the metal centre 160  is illustrated in Figure 3.6. Reaction 
of an N,N-di-(2-pyridylmethYl)amide with CuC1 2 in refluxing methanol for 10 mins. 
yields the N,N-di-(2-pyridylmethYl)amifle complex of Cu(II). The amide group has 
been hydrolysed and the acid converted into a methyl ester. If these amides are 
refluxed for 24 hours in methanol in the absence of CuC1 2, then no hydrolysis is 
observed. It is interesting to note that N,N-dibenzylanuides show no evidence of 
hydrolysis after reflux with CuCl 2  in methanol (Figure 3.6). Thus, the presence of the 
pyridine N atoms, to chelate to the metal and force the metal-amide interaction, 
appears to be essential for the hydrolysis process. 
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It must be stressed, however, that no mechanism has been proposed for the 
example shown in Figure 3.6. It is generally agreed that metal-ion promoted 
hydrolysis of amide bonds proceeds via coordination of the amide 0 atom to the 
metal centre. 
P0 9 0 
	










CH3OH 	R >_—N 
Figure 3.6: Hydrolysis of an N,Ndi-(2-pyridy1methY1)amide by Cu(II) (R = Me 3C 
or MeCH=CH). 
Sections 3.1.1 and 3.1.2 have illustrated the tendency for amides to form H-
bonding interactions and also their susceptibility to hydrolysis in the presence of 
metals. These concepts were shown to be important when studying the structure and 
reactivity of HOC[9]aneN3 and related ligands. 
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3.2 Results And Discussion. 
The synthesis of HOC[9]aneN3  is described in Section 2.2.3. A single crystal 
X-ray structure determination of this ligand was undertaken to confirm the structure 
and to ascertain the extent of any intermolecular interactions. 
3.2.1 Single Crystal X-Ray Structure of 1-formyl-1,4,7-triazacyclononane 
(HOC[9]aneN3). 
Crystals suitable for X-ray analysis were obtained by evaporation of a CHC1 3 
solution of HOC[9]aneN3. Details of the structure solution and refinement are given 
in the experimental section. Selected bond lengths, angles and torsions are given in 
Tables 3.1-3.3 and a view of the molecule is shown in Figure 3.7. The macrocycle 
adopts a [333] conformation according to Dale's notation, an explanation of which 
can be found in reference 161. In simple terms, this notation defines the number of 
atoms between each "corner" of the macrocycle. The C(2)C(9)N(1)-C(1)0(1)H(1) 
amide moiety is essentially planar [C(2)-N(1)-C(l)-O(l) torsion = 1.07(23) 0], with 
the short N(l)-C(l) bond length [l.3348(20)A] being consistent with the double-bond 
character of CN bonds in typical amide groups 140 . 
The main point of interest regarding this structure is the strained conformation 
adopted by the macrocyclic ring. This is reflected in the torsion angles H(7)-N(7)-
C(8)-H(8A) and H(4)-N(4)-C(5)-H(5B) of 5.8(18) and -18.4(18) 0 respectively. Ball 
and stick models show the ring to be flexible and that this conformation need not 
be adopted. The ring strain can be explained by long-range intermolecular H-bonding 
between the amide and amine functions. This can be seen in the packing diagram, 
shown in Figure 3.8 Each molecule makes four long-range contacts to adjacent 
molecules via CO-HN and NH-N interactions at 2.24(3) and 2.44(3)A respectively. 
These contacts are listed in Table 3.4. Consideration of the relative energies involved 
in H-bonds (12.-25 kJmol 4 ) and of the of the energy difference between eclipsed and 
staggered conformations (10-20 kJmoV 1 ) leads to the conclusion that the ring strain 
is compensated for by the H-bonding. However, it must be borne in mind that these 
H-bonds are particularly long (H-bonds are normally 1.8-1.9A), and hence the energy 
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gain will not be very large. Crystal-packing forces may also have an effect upon the 
macrocyclic conformation. 













N(1)-C(2) . . 
C(2)-C(3) . . 
N(4)-C(5) 














119.23(13) C(1)-N(1)-C(9) 	........ 
120.22(12) N(1)-C(2)-C(3) 	........ 
112.45(14) C(3)-N(4)-C(5) 	........ 
113.32(15) C(5)-C(6)-N(7) 	........ 
115.31(13) N(7)-C(8)-C(9) 	........ 














C(3)-C(2)-N( 1 )-C(9) 
C(8)-C(9)-N( 1 )-C(2) 
C(2)-N( 1 )-C( 1 )-O(  1) 




• . 109.01(16) 
• . -69.59(18) 
1.07(23) 
-65.44(18) 
• . -128.22(16) 
• • -77.39(17) 
-61.97(17) 
C(3)-C(2)-N(1)-C(1) . . 
C(8)-C(9)-N(1)-C(1) . . 
C(9)-N(1)-C(1)-O(1) . . 
C(2)-C(3)-N(4)-C(5) . . 
N(4)-C(5)-C(6)-N(7) . • 
C(6)-N(7)-C(8)-C(9) . . 
Table 3.4: 	H-bonding Interactions (A) in HOC191aneN 3 
0(1)-H(7') ...........2.24(3) 	(1+x, y, z) 
H(7)-O(1 ") ...........2.24(3) (x-1, y, z) 
N(7)-H(4 ... ) ...........2.44(3) 	(-x, 112+y, 1/2-z) 
H(4)-N(7'"') ...........2.44(3) (-x, y-1/2, 112-z) 
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Figure 3.8: 	View of the Packing Diagram for 1-formyl-1,4,7-triazacyclononane 
(HOC[9]aneN3). 
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3.2.2 Single Crystal X-Ray Structure of (HOC[9]aneN3H)(BPh 4). 
Whilst attempting to prepare a Ni(II) complex of HOC[9]aneN3,  colourless 
crystals were obtained. Analysis of these crystals suggested that they were of 
composition (HOC [9]aneN3H)(BPh4). The FAB mass spectrum did not show a 
molecular-ion peak for the cation HOC[9]aneN3H+  (m/z 158), although there was a 
strong peak at 315, which corresponds to [(HOC[9]aneN3)2H]t  A single crystal X-
ray structure determination was undertaken in order to confirm the structure and 
compare this structure with that of the free ligand. The X-Ray structure did indeed 
confirm the assignment as the monoprotonated ligand. Details of the structure solution 
and refinement are given in the experimental section. Selected bond lengths, angles 
and torsions are given in Tables 3.5-3.7 and a view of the cation is shown in Figure 
3.9. 
The amide moiety is again planar (as in HOC[9]aneN3),  with a C(9)-N(1)-
C(10)-H(10) torsion angle of 0.8(10) 0. The bond lengths are very similar to those in 
the structure of the free ligand, with the ring adopting a [2223] conformation and 
with H-C-X-H torsions (X = C or N) in the range 48.5 - 68.60. The protons on N(4) 
and N(7) were located and these N atoms could therefore be assigned as NH2+  and 
NH respectively. The cations form a dimeric structure, linked together via equivalent 
NH-OC contacts at 1.822(7)A between the amide 0-donor [0(11)] of one cation and 
one H-atom [H4(B)] of the protonated N-donor [N(4)] of the other cation, with the 
two molecules related by an inversion centre at (1/2, 0, 1) (Figure 3.10). This 
explains the presence of the peak at mlz 315 (for the dimer) in the FAB-MS and the 
absence of a molecular-ion peak for the HOC[9]aneN3 monomer. 
Table 3.5: 	Selected Bond Lengths (A) for (HOC [9laneN 3H)(BPh4L 
N(1)-C(10) 	........... 1.338(7) N(1)-C(2) 	............ 1.454(7) 
N(1)-C(9) 	............ 1.479(7) C(2)-C(3) 	............ 1.517(8) 
C(3)-N(4) 	............ 1.511(7) N(4)-C(5) 	............ 1.486(7) 
C(5)-C(6) 	............ 1.522(8) C(6)-N(7) 	............ 1.457(8) 
N(7)-C(8) 	............ 1.470(7) C(8)-C(9) 	............ 1.501(8) 
C(1O)-0(11) 	.......... 1.226(7) 
Chapter 3: Structural Studies Upon HOC[9]aneN3  and Related Compounds 
Table 3.6: 	Selected Bond Angles (°) for (H0C[91ajii3H)(BPh41. 
C(10)-N(1)-C(2) 	....... 120.3(5) C(10)-N(1)-C(9) 	....... 119.0(5) 
C(2)-N(1)-C(9) 	........ 120.6(5) N(1)-C(2)-C(3) 	........ 116.0(5) 
N(4)-C(3)-C(2) 	........ 113.8(5) C(5)-N(4)-C(3) 	........ 119.2(4) 
N(4)-C(5)-C(6) 	........ 115.6(5) N(7)-C(6)-C(5) 	........ 113.5(5) 
C(6)-N(7)-C(8) 	........ 115.0(5) N(7)-C(8)-C(9) 	........ 114.2(5) 
N(1)-C(9)-C(8) 	........ 114.7(5) 0(1 1)-C(10)-N(1) 	...... 125.1(6) 
Table 3.7: 	Selected Torsion Angles (°) for (HOC f91aneN 3H)(BPh4 
C(9)-N(1)-C(2)-C(3) 	. . . . -59.8(8) 
C(2)-N(1)-C(9)-C(8) 	. . . . 100.8(6) 
C(2)-N(1)-C(10)-H(10) . . . 176.6(7) 
C(9)-N(1)-C(10)-H(10) . . . 0.8(10) 
N(1)-C(2)-C(3)-N(4) 	. . . . -67.6(7) 
C(3)-N(4)-C(5)-C(6) 	. . . . 62.0(7) 
C(5)-C(6)-N(7)-C(8) 	. . . . -67.9(7) 
N(7)-C(8)-C(9)-N(1) 	. . . . -71.7(1) 
C(10)-N(1)-C(2)-C(3) 	. . . 124.4(6) 
C(10)-N(1)-C(9)-C(8) 	. . . -83.4(7) 
C(2)-N( 1 )-C(10)-0(1 1) . . . -3.4(10) 
C(9)-N( 1 )-C( I 0)-0( 11) 	. . . -179.2(6) 
C(2)-C(3)-N(4)-C(5) 	. . . . 67.5(7) 
N(4)-C(5)-C(6)-N(7) 	. . . . -62.6(7) 
C(6)-N(7)-C(8)-C(9) 	. . . . 112.8(6) 
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3.2.3 The Preparation of Triamide Derivatives of [9]aneN 3 . 
The incorporation of three amide functions into [9]aneN3  will give a potential 
tridentate donor ligand, which could coordinate to a metal centre via the three amide 
o atoms. Reaction of [9]aneN3 with with HCOOH and CH 3COOCOCH3 affords 
I ,4,7-triformyl- I ,4,7-triazacyclononane [(HOC) 3 [9]aneN3]. Reaction of [9] aneN 3 with 
PhCOCI affords the analogous species I ,4,7-.tribenzoyl- 1 ,4,7-triazacyclononane 
[(PhCO)3[9]aneN3]. These two compounds are illustrated in Figure 3.11. The IR 
spectra showed the presence of the UCO  amide stretch and both species gave good 
CHN agreement, as shown below: 
(HOC)3 [9laneN 3 	(P  LC—  O)3191aneN3. 
Calc.(%) 	C, 50.3: H, 7.92: N, 19.4 
	
C, 73.4: H, 6.12: N, 9.51 
Found(%) 	C, 50.7: H, 7.04: N, 19.7 
	
C, 73.1: H, 6.29: N, 9.59 
O 	NN H 
NJ 
HO 
(HOC) 3 [9]a neN 3 
0---~ 
0 
(PhCO)3[ 9 ]aneN3 
Figure 3.11: The Triamide Derivatives of [9]aneN3, (HOC)3[9]aneN3 and 
(PhCO)3 [9] aneN3. 
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The incorporation of three amide groups into [9]aneN3 introduces the 
possibility of two isomers, due to the planarity of the amide group and its period of 
rotation of approximately 0.1s (Section 3.1.1). This has been observed previously 
in the 'H and 13C NMR spectra of HOC[9]aneN3 (Section 2.2.3). The two possible 
isomers for the triamides are the symmetric isomer (with all amide functions 
equivalent) and the asymmetric isomer (with all amide functions inequivalent), as 
illustrated in Figure 3.12. 
These two isomers should be differentiated on the NMR timescale 140 . On the 
basis of the 13C NMR of HOC[9]aneN3, the symmetric triamide isomer should 
exhibit 2 ring signals in the 13C NMR spectrum, whilst the asymmetric isomer 
should exhibit 6 ring signals. Additionally, the symmetric isomer should exhibit 1 
signal for the amide carbonyl groups in the 13C NMR spectrum, whilst the 
asymmetric isomer should exhibit 3 signals for the amide carbonyl groups. 




J, /-\ 'J~ 
R N 	N R 
—NJ 
R  
Figure 3.12: The Symmetric and Asymmetric Isomers of Triamide Derivatives of 
[9]aneN3. 
The 13C NMR spectra of (PhCO)3[9]aneN3 and (HOC)3[9]aneN3 are 
presented in Figures 3.13 and 3.14 respectively. It can be seen clearly from these 
spectra that (PhCO)3[9]aneN3 is present as the symmetric isomer in solution, whereas 
(HOC)3[9]aneN3 has a mixture of both isomers, although the symmetric isomer is 
present in circa 10-fold excess. The 'H NMR spectrum of (HOC)3[9]aneN3 (Figure 
3.15) shows the 3 amide CH resonances of the asymmetric isomer at 7.96, 8.08 and 
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Simple ball and stick models suggest that steric effects are negligible for the 
rotation of the amide C-N bond in both (HOC)3[9]aneN3 and  (PhCO)3[9]aneN3, 
particularly in (HOC) 3 [9]aneN3  where there is no steric effect. The prevalence of the 
symmetric isomers in solution was therefore initially surprising. As stated previously 
(Section 3.1.1), the dipole moments of amides are of the order 3.75±0.1 D, which is 
particularly large, especially when compared with polar molecules such as HF 
(1.75D) and H 20 (1.84D). We concluded that the alignment of the dipole moments 
with respect to each other in these molecules plays an important role in the structure 
which is adopted in solution. It would appear that the symmetric isomers of 
(HOC) 3 [9]aneN 3 and (PhCO)3[9]aneN3  allow more favourable dipole alignment than 
the asymmetric isomers. 
As stated previously, amides are poor donors to metal centres unless they are 
anchored in a chelate ring (Section 1.7). (HOC)3[9]aneN3  and  (PhCO)3[9]aneN3  may 
both be potential donors to metal centres via the three amide 0-atoms. In order to 
study the potential ligating capability and to ascertain the ring conformations, single-
crystal X-Ray structure determinations of (HOC)3[9]aneN3 and  (PhCO)3[9]aneN3 
were undertaken 
3.2.4 Single Crystal X-Ray Structure of 1,4,7-triforinyl-1,4,7-triazacyclononane 
[(HOC)3[9]aneN3]. 
Colourless plates suitable for X-ray diffraction purposes were obtained by 
cooling a concentrated solution of (HOC)3[9]aneN3 in ethanol. Details of the 
structure solution and refinement are given in the experimental section. Selected bond 
lengths, angles and torsions are given in Tables 3.8-3.10. A view of the molecule is 
shown in Figure 3.16. The molecule possesses no crystallographically imposed 
symmetry, thus each atom is unique. All 3 amide functions are essentially planar and 
are oriented in the same direction around the ring to afford the symmetric isomer (as 
in the NMR spectra). The absence of any N-H functions precludes the possibility of 
intermolecular H-bonding (cf. HOC[9]aneN3). The conformation of the ring is 
discussed in section 3.2.6, in conjunction with the conformation of (PhCO)3[9]aneN3. 
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Table 3.8: 	Selected Bond Lengths (A) for (HOC) 3 F91aneN3 
N(1)-C(11) 	........... 1.338(2) N(1)-C(9) 	............ 1.459(3) 
N(1)-C(2) 	............ 1.464(3) C(11)-O(12) 	.......... 1.225(2) 
C(2)-C(3) 	............ 1.514(3) C(3)-N(4) 	............ 1.462(3) 
N(4)-C(41) 	........... 1.338(3) N(4)-C(5) 	............ 1.460(3) 
C(41)-0(42) 	.......... 1.228(3) C(5)-C(6) 	............ 1.522(3) 
C(6)-N(7) 	............ 1.456(3) N(7)-C(71) 	........... 1.337(3) 
N(7)-C(8) 	............ 1.461(3) C(71)-0(72) 	.......... 1.228(3) 
C(8)-C(9) 	............ 1.521(3) 
Table 3.9: 	Selected Bond Angles (°) for (1100 3 F91aneN 3 
C(1 1)-N(1)-C(9) 	....... 119.8(2) C(1 1)-N(1)-C(2) 	....... 117.9(2) 
C(9)-N(1)-C(2) 	........ 121.1(2) O(12)-C(11)-N(1) 	...... 124.2(2) 
N(1)-C(2)-C(3) 	........ 115.5(2) N(4)-C(3)-C(2) 	........ 115.5(2) 
C(41)-N(4)-C(5) 	....... 120.3(2) C(41)-N(4)-C(3) 	....... 120.5(2) 
C(5)-N(4)-C(3) 	........ 118.7(2) 0(42)-C(41)-N(4) 	...... 124.7(2) 
N(4)-C(5)-C(6) 	........ 114.3(2) N(7)-C(6)-C(5) 	........ 113.6(2) 
C(71)-N(7)-C(6) 	....... 120.2(2) C(71)-N(7)-C(8) 	....... 119.5(2) 
C(6)-N(7)-C(8) 	........ 120.0(2) O(72)-C(71)-N(7) 	...... 125.3(2) 
N(7)-C(8)-C(9) 	........ 114.5(2) N(1)-C(9)-C(8) 	........ 114.7(2) 
Table 3.10: Selected Torsion Angles (°) for (HOC) 3 F91aneN3 
C(9)-N(1)-C(1 1)-O(12) . . . - 174.4(2) 	C(2)-N(1)-C(1 1)-0(12) . . . -6.5(3) 
C(1 1)-N(1)-C(2)-C(3) . . . . 75.0(2) C(9)-N(1)-C(2)-C(3) 	. . . . -117.4(2) 
N(1)-C(2)-C(3)-N(4) 	. . . . 64.0(3) C(2)-C(3)-N(4)-C(41) 	. . . 106.6(2) 
C(2)-C(3)-N(4)-C(5) 	. . . . -81.1(2) C(5)-N(4)-C(4 1 )-O(42) . . . 1.5(3) 
C(3)-N(4)-C(41)-0(42) . . . 173.7(2) C(41)-N(4)-C(5)-C(6) 	. . . -62.2(2) 
C(3)-N(4)-C(5)-C(6) 	. . . . 125.5(2) N(4)-C(5)-C(6)-N(7) 	. . . . -49.5(3) 
C(5)-C(6)-N(7)-C(71) . . . . 108.8(2) C(5)-C(6)-N(7)-C(8) 	. . . . -77.4(2) 
C(6)-N(7)-C(7 1 )-O(72) . . . 176.8(2) C(8)-N(7)-C(7 1 )-O(72) . . . 3.0(3) 
C(71)-N(7)-C(8)-C(9) . . . . -75.4(2) C(6)-N(7)-C(8)-C(9) 	. . . . 110.7(2) 
C(1 1)-N(1)-C(9)-C(8) . . . . -89.4(2) C(2)-N(1)-C(9)-C(8) 	. . . . 103.1(2) 




Chapter 3: Structural Studies Upon HOC[9]aneN3  and Related Compounds 
Figure 3.16: View of the Single Crystal X-Ray Structure of (HOC) 3 [9]aneN3 . 
3.2.5 Single Crystal X-Ray Structure of 1,4,7-tribenzoyl-1,4,7-triazacyclononane 
[(PhCO)3[9]aneN3]. 
Details of the structure solution and refinement are given in the experimental 
section. Selected bond lengths, angles and torsions are given in Tables 3.11-3.13. A 
view of the molecule is shown in Figure 3.17. The molecule possesses no 
crystallographically imposed symmetry, thus each atom is unique. All 3 amide 
functions are essentially planar and are all oriented in the same direction around the 
ring to give the symmetric isomer, as in the structure of (HOC)3[9]aneN3. Again, the 
absence of any N-H functions precludes the possibility of intermolecular H-bonding. 
There is also no inter- or intramolecular it-stacking of aromatic rings. The 
conformation of the ring is discussed in section 3.2.6, in Conjunction with the 
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conformation of (HOC)3[9]aneN3. 
Figure 3.17: View of the Single Crystal X-Ray Structure of (PhCO)3[9]aneN3. 
Table 3.11: Selected Bond Lengths (A) for (PhCO) 3 f91aneN3 
N(7)-C(71) 	........... 1.357(2) N(7)-C(6) 	............ 1.464(2) 
N(7)-C(8) 	............ 1.474(2) C(6)-C(5) 	............ 1.520(3) 
C(5)-N(4) 	............ 1.461(2) N(4)-C(41) 	........... 1.360(2) 
N(4)-C(3) 	............ 1.466(2) C(3)-C(2) 	............ 1.520(3) 
C(2)-N(1) 	............ 1.472(2) N(1)-C(11) 	........... 1.369(2) 
N(1)-C(9) 	............ 1.469(2) C(9)-C(8) 	............ 1.523(3) 
C(71)-0(71) 	.......... 1.227(2) C(71)-C(72) 	.......... 1.500(3) 
C(41)-O(41) 	.......... 1.230(2) C(41)-C(42) 	.......... 1.496(3) 
C(1 1)-O(1 1) 	.......... 1.230(2) C(1 1)-C(12) 	.......... 1.497(2) 
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Table 3.12: Selected Bond Angles (°) for (PhC0) 3 F91aneN 3 
C(71)-N(7)-C(6) 	....... 122.5(2) C(71)-N(7)-C(8) 	....... 116.9(2) 
C(6)-N(7)-C(8) 	........ 117.3(2) N(7)-C(6)-C(5) 	........ 113.2(2) 
N(4)-C(5)-C(6) 	........ 114.4(2) C(41)-N(4)-C(5) 	....... 117.6(2) 
C(41)-N(4)-C(3) 	....... 122.5(2) C(5)-N(4)-C(3) 	........ 117.3(2) 
N(4)-C(3)-C(2) 	........ 114.1(2) N(1)-C(2)-C(3) 	........ 114.0(2) 
C( 11 )-N( 1 )-C(9) 	....... 124.4(2) C( 11 )N( 1 )-C(2) 	....... 115.4(2) 
C(9)-N(1)-C(2) 	........ 117.2(2) N(1)-C(9)-C(8) 	........ 116.0(2) 
N(7)-C(8)-C(9) 	........ 115.3(2) 0(71)-C(71)-N(7) 	...... 12 1.0(2) 
O(71)-C(71)-C(72) ...... 120.6(2) N(7)-C(71)-C(72) 	...... 118.4(2) 
C(73)-C(72)-C(71) ...... 121.9(2) C(77)-C(72)-C(71) ...... 119.1(2) 
0(41)-Q41)-N(4) 	...... 121.4(2) 0(41 )-C(4 1 )-C(42) ...... 120.1(2) 
N(4)-C(41)-C(42) 	...... 118.5(2) C(47)-C(42)-C(41) ...... 12 1.6(2) 
C(43)-C(42)-C(41) ...... 119.7(2) 0(1 1)-C(1 1)-N(1) 	...... 120.4(2) 
0(1 1)-C(1 1)-C(12) ...... 119.5(2) N(1)-C(1 1)-C(12) 	...... 120.2(2) 
C(17)-C(12)-C(II) ...... 123.8(2) C(13)-C(12)-C(1 1) ...... 117.4(2) 
Table 3.13: Selected Torsion Angles (°) for (PhC0) 3 191aneN3 
C(71)-N(7)-C(6)-C(5) . . . . 135.0(2) C(8)-N(7)-C(6)-C(5) 	. . . . -66.2(2) 
N(7)-C(6)-C(5)-N(4) 	. . . . -64.9(2) C(6)-C(5)-N(4)-C(41) 	. . . -78.6(2) 
C(6)-C(5)-N(4)-C(3) 	. . . . 119.5(2) C(41)-N(4)-C(3)-C(2) 	. . . 124.3(2) 
C(5)-N(4)-C(3)-C(2) 	. . . . -74.8(2) N(4)-C(3)-C(2)-N(l) 	. . . . 84.2(2) 
C(3)-C(2)-N(1)-C(1 1) . . . . 74.5(2) C(3)-C(2)-N(1)-C(9) 	. . . . -123.8(2) 
C(1 1)-N(1)-C(9)-C(8) . . . . -113.5(2) C(2)-N(1)-C(9)-C(8) 	. . . . 86.6(2) 
C(71)-N(7)-C(8)-C(9) . . . . -83.9(2) C(6)-N(7)-C(8)-C(9) 	. . . . 116.1(2) 
N(1)-C(9)-C(8)-N(7) 	. . . . -68.3(2) C(6)-N(7)-C(71)-0(71) . . . 168.3(2) 
C(8)-N(7)-C(7 I )-0(7 1) . . . 9.4(3) C(6)-N(7)-C(7 I)-C(72) . . . -10.7(3) 
C(8)-N(7)-C(71)-C(72) . . . -169.6(2) 0(71)-C(71)-C(72)-C(73) . 100.6(2) 
N(7)-C(71)-C(72)-C(73) . . -80.4(3) 0(71)-C(71)-C(72)-C(77) . -77.9(3) 
N(7)-C(71)-C(72)-C(77) . . 101.0(2) C(5)-N(4)-C(41)-0(41) . . . 4.2(3) 
C(3)-N(4)-C(41)-0(41) . . . 165.1(2) C(5)-N(4)-C(41)-C(42) . .. -176.6(2) 
C(3)-N(4)-C(41)-C(42) . . . -15.7(2) 0(41)-C(41)-C(42)-C(47) . 116.2(2) 
N(4)-C(41)-C(42)-C(47) . . -63.1(2) 0(41)-C(41)-C(42)-C(43) . -61.0(2) 
N(4)-C(41)-C(42)-C(43) . . 119.8(2) C(9)-N(1)-C(1 1)-0(1 1) . . . -163.5(2) 
C(2)-N(1)-C(1 1)-0(1 1) . . . -3.3(2) C(9)-N(1)-C(1 1)-C(12) . . . 16.0(3) 
C(2)-N(1)-C(1 1)-C(12) . . . 176.2(2) 0(1 1)-C(1 1)-C(12)-C(17) . -137.4(2) 
N(1)-C(1 1)-C(12)-C(17) . . 43.1(3) 0(1 1)-C(1 1)-C(12)-C(13) . 39.2(2) 
N(1)-C(1 1)-C(12)-C(1 3) . . -140.3(2) 
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3.2.6 Ring Conformations of (HOC)3[9]aneN3  and (PhCO)3[9]aneN 3 . 
Table 3.14 presents the equivalent ring torsion angles for (HOC) 3 [9]aneN3 
and (PhCO)3[9]aneN3.  It can be seen that the conformations of both rings are similar, 
with each adopting a [333] conformation. This conformational similarity has not been 
attributed to crystal-packing forces, since these molecules have different overall 
morphologies and crystallise in different space groups. One might expect the rings 
to adopt C3 or pseudo-C3 symmetry, with the amide groups oriented outwards from 
the ring. However, the actual conformations lead to 2 amide groups being directed 
above the ring and I group being directed below. This is illustrated in Figure 3.18, 
which shows both rings viewed from the same perspective. Ball and stick models of 
these molecules show that the conformations adopted in the solid state minimise C-H 
bond eclipsing in the ring, and that a ring of C 3 symmetry would adopt a 
conformation where all of the ring protons are eclipsed. 
The crystal structures of (HOC) 3 [9]aneN3 and (PhCO)3[9]aneN3  show that 
neither species is preorganised to coordinate to a metal centre via the three 0 atoms. 
However, they do confirm the presence of the symmetric isomer in the solid state, 
which has also been observed in the solution state. Ball and stick models of 
theoretical complexes show that the symmetric isomer is more likely to act as a 
facially coordinating ligand to a metal centre than the asymmetric isomer. However, 
time constraints have prevented the attempted synthesis of such metal complexes. 
Table 3.14: Ring Torsions (°) of (HOC) 3 I91aneN3 and (PhCO) 3 191aneN3 
(HOC)3[9]aneN3 	(PhCO)3 [9]aneN 3 
N(1)-C(2)-N(3)-C(4) .....64.0(3) 	......... 84.2(2) 
C(2)-C(3)-N(4)-C(5) .....-81.1(2) 	........ -74.8(2) 
C(3)-N(4)-C(5)-C(6) ..... 125.5(2) 	........ 119.5(2) 
N(4)-C(5)-C(6)-N(7) ..... -49.5(2) 	........ -64.9(2) 
C(5)-C(6)-N(7)-C(8) ... 	 . 	 . 	 . 	 -77.4(2) 	........ -66.2(2) 
C(6)-N(7)-C(8)-C(9) .....110.7(2) 	........ 116.1(2) 
N(7)-C(8)-C(9)-N(1) ..... -65.7(2) 	........ -68.3(2) 
C(8)-C(9)-N(1)-C(2) .....103.1(2) 	........ 86.6(2) 
C(9)-N(1)-C(2)-C(3) .....-117.4(2) 	....... -123.8(2) 
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C(42) 
Figure 3.18: Ring Conformations of (HOC) 3 [9]aneN3 (top) and (PhCO) 3 [9]aneN3 
(bottom; phenyl groups omitted for clarity). 
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Lattermann 162-164  has reported a functionalised derivative of 
(PhCO)3[9]aneN3 which exhibits columnar mesophase (liquid crystalline) behaviour. 
This is illustrated in Figure 3.19. The mesophase behaviour of this substance is lost 
upon reduction of the amide groups, which has been related to a loss of rigidity of 
the central ring. Although the structure of (PhCO) 3 [9]aneN 3 thus represents the core 
of Lattermannts liquid crystalline derivative, it is of limited significance in explaining 
the mesophase behaviour, since such behaviour necessarily occurs at temperatures 
where the molecules have sufficient energy to change conformation. A fuller 
discussion of liquid crystallinity can be found in the introduction to Chapter 5. 
0C 10 H 21 
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Figure 3.19: A Liquid Crystalline Triamide Derivative of [9]aneN 3 . 
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3.2.7 [Pd(HOC[9]aneN 3 ) 2]X 2 [X = PF6 or B(C6F5 ) 4 ] 
Reaction of Pd(OAc) 2 with 2 molar equivalents of HOC[9]aneN 3 in CH202 
affords a pale yellow solid after work-up and addition of NH 4PF6 . The JR spectrum 
of this solid confirmed the presence of ligand (1656cm) and counter-ion (837cm) 
and FAB mass spectrometry gave peaks at 561 [Pd(L) 2(PF6)], 418 [Pd(L)2] and 261 
[Pd(L)] (L = HOC[9]aneN3). Microanalysis confirmed the assignment of this material 
as [Pd(HOC[9]aneN3)2](PF6)2. However, the product was only soluble in DMF or 
DMSO which hindered further characterisation and crystal growth. 
was therefore used as counter-ion in preference to [PF 6] - , in an 
attempt to prepare a more soluble analogue. A pale yellow solid was isolated, the JR 
spectrum of which indicated the presence of ligand and counter-ion. Mass 
spectrometry and analytical evidence confirmed further the assignment of this material 
as [Pd(HOC[9]aneN3)2][B(C6F5)4]2, the structure and properties of which are of 
interest to compare with [Pd([9]aneN3)21 2 . 
The chemistry of {Pd([9]aneN 3 )2] 2 is dominated by the facially coordinating 
nature of [9]aneN3,  which leads to fluxionality of the ligand in the 
[Pd([9]aneN3)21 2  complex and also to stabilisation of Pd(III) and Pd(IV) 
species 165-167.  A single crystal X-ray structure determination of 
{Pd(HOC[9] aneN3 )2 ] 2+ was therefore undertaken to compare the structure with that 
reported for [Pd([9]aneN3)2]2,  shown in Figure 3.20. 
H31 
Figure 3.20: View of the Single Crystal X-Ray Structure of [Pd([9]aneN 3)2] 2 . 
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3.2.8 Single Crystal X-Ray Structure of [Pd(HOC[9]aneN3)2][B(C6F5)4]2.2H20. 
Pale yellow columns of X-ray quality were grown by the diffusion of hexane 
into a CH202 solution of the complex at -20 0C. Details of the structure solution and 
refinement are given in the experimental section. Selected bond lengths, angles and 
torsions are given in Tables 3.15-3.17. A view of the [Pd(HOC[9]aneN3)2]2  cation 
is shown in Figure 3.21. The Pd atom lies on an inversion centre and the ligands are 
bound to the metal centre via the two amine donors N(4) and N(7) at distances of 
2.057(13) and 2.065(10)A respectively. The macrocycle adopts a [333] conformation, 
with the amide functions lying above and below the square planar metal centre, 
giving a Pd-N(1) distance of 3.021(12)A. The retention of planarity of the amide 
function upon complexation [C(2)-N(1)-C(10)-O(1 1) torsion of -5.8(22) 0] suggests 
that there is no interaction of the amide group with the metal centre. The structure 
of [Pd(HOC[9]aneN3)2] 2  is thus similar to that of [Pd([9]aneN 3 )2] 2 in that the 
Pd(II) centre is coordinated in a square planar fashion, with no apical interactions to 
the rest of the ligand 166 . 
The [Pd(HOC[9] aneN3 )2] 2+ structure also contains interchelated water 
molecules, which are found to bridge between the cationic units to form an overall 
chain structure. This is illustrated in Figure 3.22. Each water molecule [0(ls)] lies 
in a bridging site between the amide function of one cation and two amine hydrogen 
atoms of the adjacent cation. There is also a long range contact between the amide 
group of one cation and an amine of the next. These interactions are represented by 
the dotted lines in Figure 3.22. Table 3.18 lists the H-bonding distances between the 
bridging water molecule and the amide and amine functions. Unfortunately, the 
hydrogen atoms on the water molecule were not located, therefore only distances to 
the 0(1 s) atom can be quoted. The 0(1s)-O(11') distance of 2.815(15)A assumes that 
there is a hydrogen atom located between 0(ls) and 0(11'). 2.815(15)A is typical for 
an OH-0 hydrogen-bond. 
A view of the B(C6F5 )4 counter-ions which form the rest of the structure is 
shown in Figure 3.23. The anions form an unusual array which can be described as 
a hexagonal "honeycomb" structure. This leads to channels of approximate diameter 
8.2A which incorporate the cationic [Pd(HOC[9]aneN3)2.2H20]2  chains. 
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Table 3.15: Bond Lengths (A) for 1Pd(HOC[91aneN3211B(C6f5412li2Q. 
Pd-N(4) 	............. 2.057(13) Pd-N(7) 	............. 2.065(10) 
N(1)-C(10) 	........... 1.35(2) N(1)-C(2) 	............ 1.43(2) 
N(1)-C(9) 	............ 1.46(2) C(2)-C(3) 	............ 1.53(2) 
C(3)-N(4) 	............ 1.51(2) N(4)-C(5) 	............ 1.51(2) 
C(5)-C(6) 	............ 1.51(2) C(6)-N(7) 	............ 1.51(2) 
N(7)-C(8) 	............ 1.50(2) C(8)-C(9) 	............ 1.52(2) 
C(10)-O(11) 	.......... 1.268(14) 
Table 3.16: Bond Angles (°) for [Pd(HOC[91aneN 312J 5 12 .2H20. 
N(4)-Pd-N(7) 	......... 82.9(4) C(10)-N(1)-C(2) 	....... 115.3(13) 
C(10)-N(1)-C(9) 	....... 118.9(13) C(2)-N(1)-C(9) 	........ 124.7(12) 
N(1)-C(2)-C(3) 	........ 118.5(13) N(4)-C(3)-C(2) 	........ 111.8(13) 
C(5)-N(4)-C(3) 	........ 111.4(10) C(5)-N(4)-Pd 	......... 101.1(9) 
C(3)-N(4)-Pd 	......... 12 1.0(9) N(4)-C(5)-C(6) 	........ 110.1(13) 
N(7)-C(6)-C(5) 	........ 110.7(10) C(8)-N(7)-C(6) 	........ 112.6(10) 
C(8)-N(7)-Pd 	......... 111.9(8) C(6)-N(7)-Pd 	......... 109.3(8) 
N(7)-C(8)-C(9) 	........ 118.6(13) N(1)-C(9)-C(8) 	........ 112.7(11) 
O(11)-C(10)-N(1) 	...... 126(2) 
Table 3.17: Torsion Angles (°) for 
C(9)-N( 1 )-C(2)-C(3) 	. . . . -35.0(21) C( 1 0)-N( 1 )-C(2)-C(3) 	. . . 157.0(14) 
C(2)-N( 1 )-C(9)-C(8) 	. . . . 109.8(16) C( 1 0)-N( 1 )-C(9)-C(8) 	. . . -82.7(16) 
C(2)-N( 1 )-C( 1 0)-H( 10) . . . 174.2(17) C(2)-N( 1 )-C( 1 0)-O( 11) . . . -5.8(22) 
C(9)-N( 1 )-C( 1 0)-H( 10) . . . 5.5(24) C(9)-N( 1 )-C( 1 0)-O( 11) . . . -174.5(14) 
N(1)-C(2)-C(3)-N(4) 	. . . . -65.1(18) C(2)-C(3)-N(4)-C(5) 	. . . . 134.9(13) 
C(3)-N(4)-C(5)-C(6) 	. . . . -75.9(14) N(4)-C(5)-C(6)-N(7) 	. . . . -39.0(15) 
C(5)-C(6)-N(7)-C(8) 	. . . . 128.2(12) C(6)-N(7)-C(8)-C(9) 	. . . . -60.1(16) 
N(7)-C(8)-C(9)-N(1) 	. . . . -60.0(16) 
Table 3.18: H-Bonding Interactions for [Pd(HOC191aneN3121jll(6E5)4122ii2Q, 
0(1 s)-H(4N) ..........2.388(16) 	O(ls)-H(7N') ..........2.274(15) 
0(ls)-0(1 1") ..........2.815(15) 0(11 ")-H(7N') .........2.417(14) 
[ ' = symmetry operation (-x, -y, -z): " = symmetry operation (-1-x, -y, -z)] 
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Figure 3.23: A View of the [B(C 6F5)41 - Anionic Array (Cations Omitted for Clarity). 
102 
Chapter 3: Structural Studies Upon HOC[9]aneN3 and Related Compounds 
3.2.9 Electrochemical Study of [Pd(HOC[9]aneN3)2]  [B (C6F5 )4] 2 .2H20. 
One property of macrocycles which has been introduced previously (Section 
1.2) is their ability to stabilise unusual metal oxidation states. [9]aneN3  is no 
exception, and has been shown to facilitate the facile oxidation of Pt(II) 168 and 
Pd(H) 16567 metal centres. Thus, [Pt([9]aneN3)2]2 can be oxidised to 
[Pt([9]aneN3)21 4  by simply bubbling 02  through a solution of the complex at 
900C. The [Pt([9]aneN3)2]2+  complex has been shown to be square planar, whereas 
the [Pt([9]aneN3)214  complex is octahedra1 168. The facile nature of this oxidation 
has been attributed to the ready availability of the extra amine donors to bind to the 
metal and stabilise any higher oxidation states. 
[9]aneN3 has also been shown to stabilise the oxidation of Pd(II) to Pd(III) 
and Pd(IV) in the complex [Pd([9]aneN3)](PF6)2.  The Pd(II)/(III) couple of 0.070V 
and Pd(III)/(IV) couple of 0.450V (vs Fc/Fc) are particularly accessible and the 
stability of the Pd(III) species has allowed structural characterisation. Figure 3.24 
shows the crystal structure of the Pd(III) complex of ] 3165 It can be seen that 
upon oxidation, the non-interacting lone-pairs of the macrocycle in the Pd(II) complex 
(see Figure 3.20) bind to the metal in the Pd(III) complex, to afford a tetragonally 
distorted octahedral coordination geometry. 
Figure 3.24: A View of the Single Crystal X-Ray Structure of [Pd([9]aneN 3)2] 3 
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Cyclic voltammetry was performed upon [Pd(HOC[9]aneN3)2][B(C6F5)4}2 
in CH3CN/'Bu4NPF6 at 298K, in the range -2.4 to +1.1V (vs Fc/Fc). No oxidative 
or reductive processes were observed in this range, which contrasts with the 
electrochemical behaviour of [Pd([9]aneN3)2](PF6)2  described above It is concluded 
from this electrochemical evidence that the presence of the amide group in 
HOC[9]aneN3 precludes stabilisation of Pd(III) or Pd(IV) species, as there are no 
available lone-pairs to donate to any oxidised species. 
3.2.10 Pd(HOC[9]aneN3)C 12. 
Reaction of PdC1 2 with 1 molar equivalent of HOC[9]aneN3  in refluxing 
acetonitrile for 16 hours affords a peach coloured precipitate. The IR spectrum 
indicated the presence of the amide (1658cm) and microanalytical data (see below) 
confirmed the assignment of this material as Pd(HOC[9]aneN3)C12.  However, the 
product was found to be insoluble in all solvents tried except DMSO, and attempts 
to grow crystals by evaporation of a warm DMSO solution were unsuccessful. This 
complex was prepared in order to compare the structure with that of 
[Pd(HOC[9]aneN3)21 2 , which exhibits intermolecular H-bonding. The insolubility 
of Pd(HOC[9]aneN3)C 12 may in fact be due to such H-bonding interactions. 
Alternatively, an oligomeric or polymeric structure (possibly with bridging Cl - ions) 
may be present in the solid state. 
Found: 	Caic. for C7ll15j2N30 
%C 	25.2 	 25.1 
%H 	5.12 	 4.50 
%N 	12.6 	 12.6 
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3.2.11 Reactions of Ni(H) with HOC[9]aneN3. 
Reaction of Pd(II) with HOC[9]aneN3 has been shown to give a product 
where the amide functions of the ligand do not interact with the metal centre. Ni(II) 
will, however, have different steric requirements when presented with an amine donor 
set. Ni(II) amine complexes are normally six-coordinate and octahedral (cf. 
[Ni([9]aneN3 )2 1 2 ) 169 ' 170. Thus, reaction of Ni(II) with HOC[9]aneN3  is of interest, 
to see if any nickel-amide interaction can be achieved. 
Reaction of Ni(II) with HOC[9]aneN3  was carried out several times under 
different conditions. No products were characterised crystallographically, although 
some interesting results were achieved. 
3.2.12 [Ni(H0C[9]aneN3)2(0H2)2](NO3)2. 
Reaction of Ni(NO 3 )2 .6H20 with two molar equivalents of HOC[9]aneN3  in 
ethanol affords an orange precipitate. Upon standing in air, this orange solid slowly 
changed colour to yellow over a period of six hours. Microanalysis of the yellow 
solid suggested an overall stoichiometry of [Ni (HOC [9]aneN3)2(0H2)2](NO3)2,  as 
shown below. The IR spectrum indicated the presence of amide (1671cm) and 
nitrate (1381cm). 
Found: 	Calc. for C14H34N8Q1Nj 
%C 	31.2 	 31.5 
%H 	6.39 	 6.37 
%N 	20.8 	 21.0 
Assuming that the Ni(II) centre is coordinated to 4 amines in a square planar 
fashion, then the coordination sphere could be completed by interactions with water, 
nitrate or perhaps the amide function of the ligand. These possible structures are 
illustrated in Figure 3.25. Such structures are of course speculative. 
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Figure 3.25: Possible Products From the Reaction of HOC[9]aneN3  with 
Ni(NO3 )2 .6H20 in EtOH. 
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3.2.13 Hydrolysis of HOC[9]aneN3. 
Reaction of Ni(BF4)2 .6.5CH3CN with 10 molar equivalents of HOC[9]aneN 3 
in refluxing CH3CN for 72 hours affords a pink solid after chromatography on 
sephadex LH-20. The IR spectrum of this solid indicates the presence of BF4 and 
UCH / UNH stretches, but there is no evidence of a UCO  stretch for the amide group. 
The mass spectrum shows peaks which correspond to [Ni([9]aneN3)2]  and 
[Ni([9]aneN3)2] (BF  4)  at mlz = 316 and 403 respectively. The assignment of this 
material as [Ni([9]aneN3)2](BF4)2 was confirmed by UV/vis absorption spectroscopy. 
The absorption data for this material matches that reported for [Ni([9]aneN3)2]2  by 
Yang and Zompa 169  [Amax(Cmax) = 11500(8), 12500(8), 19800(6) and 30200(23) 
cm4 (dm3rnoV 1 cm 1  A. 
It is thus proposed that the Ni(II) ion has catalysed the hydrolysis of the 
amide function, as illustrated in Figure 3.26. Literature reports of analogous 
hydrolyses with ligands such as DMF, DMA and simple peptides have shown that the 
mechanism of hydrolysis involves coordination of the amide 0 atom to the metal 
centre 155459. Although this reaction was carried out under anhydrous conditions, 
it is assumed that a small quantity of water was present to effect the hydrolysis. What 
is unclear regarding the mechanism of hydrolysis is whether the amine donors of 




Ni (B F4 )2 .6.5 C H 3 C N 
: 
Figure 3.26: Reaction of HOC[9]aneN3 with Ni(BF 4)2 .6.5CH3CN to yield 
[Ni([9]aneN 3 )21 2 
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3.2.14 Reaction of Ni(BF 4) 2 .6.5CH3CN with HOC[9]aneN3  for 2 hours. 
In an attempt to isolate a reaction intermediate in the hydrolysis of 
HOC[9]aneN3 by Ni(II), the ligand and Ni(BF 4)2 .6.5CH3CN were refluxed in 
acetonitrile for 2 hours. A purple solid was isolated in approximately 25% yield after 
chromatography on sephadex LH-20. The absorption spectrum for this material 
showed it was not [Ni([9]aneN3)2] 2 , and the IR spectrum showed a UCO  amide 
stretch at 1700cm 1 , which is shifted from the UCO  amide stretch of 1656cm 1 in the 
free ligand. The FAB mass spectrum showed peaks at mlz = 431 and 342, which can 
be assigned as [Ni([9]aneN3)  (HOC  [9]aneN3)](BF4)  and 
[Ni([9]aneN3)(HOC[9]aneN3)] respectively. This material could potentially be an 
intermediate in the hydrolysis process of HOC[9]aneN3  by the Ni(II) centre. 
However, this supposition is based solely upon mass spectral evidence and further 
structural evidence would be required to confirm the assignment of this material. 
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3.3 Conclusions. 
1-formyl-1,4,7-triazacyclononafle (HOC[9]aneN3) has been structurally 
characterised in both protonated and non-protonated forms. In both structures the 
amide moiety was found to be essentially planar and bond lengths and angles around 
the rings were very similar, with the protonated ligand adopting a [2223] 
conformation and the non-protonated ligand adopting a [333] conformation. The main 
difference between the two structures is the strained conformation adopted by the 
unprotonated ligand, which has been attributed to a series of intermolecular H-
bonding contacts made in the solid state. 
1 ,4,7-triformyl- 1 ,4,7-triazacyclononane and 1 ,4,7-tribenzoyl- 1 ,4,7-triazacyclo-
nonane have been synthesized and characterised by NMR spectroscopy and X-ray 
crystallography. The NMR spectra have shown the symmetric isomer of each species 
to be predominant in solution, which has been attributed to dipole interactions 
between the amide functions. X-ray crystallography confirms the presence of the 
symmetric isomers in the solid state. The ring conformations of both molecules have 
been found to be similar (both adopting a [333] conformation), although the overall 
morphology of each molecule is different. Ball and stick models suggest that the 
adopted conformations are those which minimise eclipsing of protons in the 
macrocyclic ring. 
The complex [Pd(HOC[9]aneN3)2] 2  has been prepared and structurally 
characterised. The crystal structure shows the Pd(II) centre to be coordinated to 4 
amine donors in a square planar fashion, with no interaction of the metal centre with 
the amide function. Intermolecular H-bonding between cations and interchelated water 
molecules gives an overall structure of cationic chains enclosed in channels formed 
by the [B(C6F5)41 counter-ions. Electrochemical studies show that the presence of 
the amide group in the macrocycle precludes the stablisation of any higher oxidation 
states, unlike the analogous complex of Pd(II) with [9]aneN3. 
Pd(HOC[9]aneN3)C 12 has also been prepared. However, crystals suitable for 
X-ray studies were not obtained due to the poor solubility of this material. 
Reaction of Ni(II) with HOC[9]aneN3 afforded a variety of products, although 
none were structurally characterised. Reaction of Ni(NO 3 )2 .6H20 with 2 equivalents 
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of HOC[9]aneN3 in ethanol afforded a product which was assigned as 
[Ni(HOC [9] aneN3 )2(0H2)2] (NO3 )2 . However, reaction of Ni(BF 4)2 .6.5CH3CN with 
excess HOC[9]aneN3 in refluxing acetonitrile gave the product 
[Ni([9]aneN3)2](BF4)2, with hydrolysis of the amide function being effected by the 
Ni(II) ion. A possible reaction intermediate was also isolated, the mass spectrum of 
which suggested the formula [Ni(HOC [9] anenN3)([9]aneN3)] 2-i-• 
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3.4 Experimental 
3.4.1 Single Crystal X-Ray Structure of 	1-formyl-1,4,7-triazacyclononane. 
(HOC[9]aneN3). 
Crystals of X-Ray quality were obtained directly from the reaction (Section 
2.4.5). Evaporation of a CHC1 3 solution of HOC[9]aneN3  gave a clear, viscous oil 
which crystallised upon standing overnight. 
Crystal Data: 
C7H 15N30, M = 157.21 Orthorhombic, spacegroup P2 1 2 1 2 1 , a = 7.157(4), 
b = 9.355(8), c = 12.357(12)A, V = 827 A3 [from 20 values of 12 reflections 
measured at ±(28 :5 20 :5 320), A = 0.071073A, T = 150K], Z = 4, D = 
1.262gcm 3 . Crystal dimensions 0.55 x 0.30 x 0.25 mm, .t(Mo-Ka) = 0.082 mm -1 , 
F(000) = 344. 
Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, /20 scan mode using the learnt profile method. 
Graphite-monochromated Mo-K a  radiation: 1334 data collected 20max = 
500,  -2 
~ h :g 8, -11 :g k :5 11, 0 :5 1 ~ 14), 862 unique data (Rint = 0.015) giving 832 with 
F> 4u(F). 5% crystal decay, no absorption correction. 
Structure Analysis and Refinement: 
The structure was solved by direct methods using SHELXS-86 and refined on 
F2  using SHELX-76. All atoms were refined with anisotropic thermal parameters and 
H atoms were not constrained. At final convergence R[F 2: 4a(F), 832 data] = 0.0228, 
wR[F 2! 4a(F), 832 data] = 0.0292, S[F 2] = 2.636 for 161 parameters. The weighting 
scheme w = 02(F) + 0.000054172 gave satisfactory agreement analyses. The final 
difference Fourier synthesis contained no peak above +0.136 and no peak below - 
0.126 e 3 . 
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3.4.2 Synthesis of (HOC[9]aneN3H)(B Ph 4). 
Ni(NO3 )2 .6H20 (0.040g, 0.0001 4mol) and HOC [9]aneN3  (0.064g, 
0.00042mo1) were added to water (10cm 3) and left for 24 hours. The initial green 
colour changed to yellow, accompanied by the formation of a green suspension. The 
solution was centrifuged and the pale yellow solution was decanted. A solution of 
NaBPh4 (0.102g, 0.0003mol) in water (2cm 3) was then added to yield a white 
precipitate. This was isolated by centrifugation, washed with water, dissolved in 
acetone and filtered. The acetone solution was then concentrated in vacuo and the 
residue triturated with ether to yield a white solid; (0.121g. 61%); Found: C, 76.74: 
H, 7.69: H, 8.64%. C 31 H36N30B requires: C, 77.98: H, 7.54: N, 8.80%; IR (KBr 
disc) 3341m (NH), 3167w, 3056w, 2983w, 1660s, 1578m, 1479m, 1423m, 1382m 
and 737m cm- 1 ; El-MS mlz = 315 [(HOC[9]aneN3H)(HOC[9]aneN3)]. 
3.4.3 Single Crystal X -Ray Stucture of (HOC[9]aneN3H)(BPh4). 
Slow diffusion of ether into an acetonitrile solution yielded colourless blocks 
of X-ray quality. 
Crystal Data: 
C31 H36N3B0, M = 477.4 Triclinic, spacegroup P-i, a = 10.405(10), b = 
10.396(10), c = 14.199(12) A, a = 93.76(7), t3 = 101.87(7), y = 119.57(7)0, V = 
1282 A3  [from 20 values of 9 reflections measured at ±(18 :g 20 :5 260), ) = 
0.071073A, T = 150KJ, Z = 2, Dc = 1.237gcm 3 . Crystal dimensions 0.20 x 0.15 x 
0.07 mm, 1(Mo-Ka) = 0.074 mmd , F(000) = 512. 
Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, &20 scan mode using the learnt profile method. 
Graphite-monochromated Mo-Ka radiation: 3356 data collected 20max = 11 
:5 h :g 10, -11 :5 k :g 11,0 :~ 1 :g 15), giving 3323 with F> 4o(F). No crystal decay, 
no absorption correction. 
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Structure Analysis and Refinement: 
The structure was solved by direct methods using SHELXS-86 and refined on 
F2 using SHELXL-93. All non-H were refined with anisotropic thermal parameters 
and phenyl rings were fixed as hexagons. H atoms were fixed in calculated positions. 
The H-atoms on N4 and N7 were initially located from the difference map and then 
fixed in position. At final convergence R[F ~: 4a(F), 3323 data] = 0.0682, wR[F2, all 
data] = 0.2138, S[F2] = 1.065 for 278 parameters. The weighting scheme w - 1 = 
{o (F0 22) + (0.07 19P) 2 + 3.46P], P = l/3[MAX(F02, 0) + 2Fc2] gave satisfactory 
agreement analyses. The final difference Fourier synthesis contained no peak above 
+0.574 and no peak below -0.480 eA 3 . 
3.4.4 Synthesis of 1 ,4,7-triformyl-[9]aneN 3 [(HOC)3[9]aneN3]. 
This was based upon the method reported by Sheehan 171 for the preparation 
of formyl amides. [9]aneN3  (0.60g. 0.00465mo1) was dissolved in formic acid 
(40cm3) and acetic anhydride (15cm 3) was added dropwise with stirring over 20 
mins. This mixture was stirred at room temperature for a further 60 mins, then water 
(20cm3) was added and the solution was concentrated in vacuo. The residue was 
triturated with ether and recrystallised from hot ethanol to give the product as white 
needles; (0.41g. 41.4%); analysis of this product showed there to be 2 isomers in 
solution - the major product (-80%) is the symmetric isomer with all formyl groups 
equivalent, whilst the minor product (-20%) is the asymmetric isomer with each 
formyl group being inequivalent. The isomers arise because of the restricted rotation 
around the formyl N-C bond; 1 H NMR (250.13MHz, CDC1 3) ö = 3.31-3.65 (12H, 
m, ring CH2, both isomers), 8.03 (3H, s, NCHO, symmetric isomer), 7.96, 8.08, 8.22 
(1H, s, NCJjO, unsymmetric isomer); 13C NMR (62.89MHz, CDC1 3) 6 = 46.93, 
48.46 (CH2, symmetric isomer) 163.90 (NHO, symmetric isomer), 44.65, 45.84, 
46.04, 46.93, 50.13, 51.28 (H2, unsymmetric isomer), 163.22, 163.30 and 163.73 
(NCHO, unsymmetric isomer); Found: C, 50.7: H, 7.04: N, 19.7%. C9H 15N303 
requires: C, 50.3: H, 7.92: N, 19.4%; IR (KBr disc) 2921w, 2867w, 2786w, 1664s. 
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3.4.5 Single Crystal X-Ray Structure of 1,4,7-triformyl-[9]aneN3 
[(HOC)3[9]aneN3]. 
Colourless plates suitable for X-ray diffraction purposes were obtained by 
cooling of a concentrated solution of (HOC)3[9]aneN3  in ethanol. 
Crystal Data: 
C9H 15N303 , M = 213.24. Orthorhombic, spacegroup Pbca, a = 11.618(7), b 
= 12.195(7), c = 14.454(8)A, V = 2048 A3 [from 20 values of 51 reflections 
measured at ±(24 :g 20 :g 280), A = 0.071073A, T = 150K], Z = 8, Dc = 
1.383gcm 3 . Crystal dimensions 0.54 x 0.54 x 0.11 mm, .t(MoKa) = 0.105 mmd , 
F(000) = 912. 
Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, /20 scan mode using the learnt profile method. 
Graphite-monochromated Mo-Ku radiation: 1575 data collected 20max = 450, 0 :5 
h :g 12, 0 :5 k :5 13, 0 :g 1 :!~ 15), 1337 unique data (Rt = 0.0037) giving 1331 with 
F> 4o(F). No crystal decay, no absorption correction. 
Structure Analysis and Refinement: 
The structure was solved by direct methods using SHELXS-86 and refined on 
F2  using SHELXL-93. All non-H atoms were refined with anisotropic thermal 
parameters and H atoms were fixed in calculated positions. At final convergence R[F 
2: 4o(F), 1331 data] = 0.0319, wR[F2, all data] = 0.0755, S[F2] = 1.064 for 197 
parameters. The weighting scheme w = {0 2(1702) + (0.0425P)2 + 0.0038P], P = 
1 /3[MAX(F02, 0) + 2Fc 2] gave satisfactory agreement analyses. The final difference 
Fourier synthesis contained no peak above +0.12 and no peak below -0.16 eA 3 . 
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3.4.6 Synthesis of 1 ,4,7-tribenzoyl- [9}aneN 3  [(PhCO)3[9]aneN3]. 
This was based upon the method reported by White 172 for the preparation of 
benzoyl amides. Benzoyl chloride (1.80g, 0.0130mo1) was added dropwise with 
stirring to a solution of [9]aneN3  (0.50g, 0.00388mo1) in pyridine (10cm 3) at 0°C 
over 10 mins. The solution was allowed to warm to room temperature and then added 
to 1M HCI soln. (100cm 3) to give a yellow precipitate. This was filtered off, washed 
with water and recrystallised from hot methanol-water (-2:1). Recrystallisation was 
also possible by evaporation of an acetone-water mixture; (1.398g, 81.7%); 1 H NMR 
(250.13MHz, CDCI 3) ô = 3.70, 3.78 (12H, br s, Cu2,  ring) and 17.36 (15H, br s, 
ArH); 13C NMR (62.89MHz, CDCI 3) ö = 50.36, 50.52 (Cff2,  ring), 126.49, 128.44, 
129.82 (aromatic H), 135.62 (aromatic quaternary) and 172.69 (NçOPh); Found: C, 
73.1: H, 6.29: N, 9.59%. C27H27N303 requires: C, 73.4: H, 6.12: N, 9.51%; IR 
(KBr disc) 3062m, 2975m, 2923m, 1636s (CO), 1443m 1265m cm. 
3.4.7 Single 	Crystal 	X-Ray 	Structure 	of 1,4,7-tribenzoyl-[9]aneN3 
[(PhCO)3[9]aneN3]. 
Crystals suitable for X-ray diffraction studies were obtained by the cooling of 
a hot solution of (PhCO)3[9]aneN3 in a mixture of methanol-water (-.2:1). 
Crystal Data: 
C27H27N3031  M = 441.52. Monoclinic, spacegroup P2 1 1a, a = 15.015(3), b 
= 10.807(2), c = 15.334(4)A, 3 = 115.887(19)0, V = 2238.5 A3 [from 20 values of 
32 reflections measured at ±(30 :5 20 :!~ 320), A = 0.071073A, T = 150K], Z = 4, D 
= 1.310gcm 3 . Crystal dimensions 0.27 x 0.51 x 0.73 mm, p(Mo-K) = 0.086 mm-1 , 
F(000) = 936. 
Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, /20 scan mode using the learnt profile method. 
Graphite-monochromated Mo-K a  radiation: 3118 data collected 20max 
= 450, -16 
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~ h :5 14, 0 :g k :g 11, 0 :5 1 --~ 16), 2925 unique data (Rint = 0.0000) giving 2915 
with F > 4a(F). No crystal decay, no absorption correction. 
Structure Analysis and Refinement: 
The structure was solved by direct methods using SHELXS-86 and refined on 
F2  using SHELXL-93. All non-H atoms were refined with anisotropic thermal 
parameters and H atoms were not constrained. At final convergence R[F Z! 40(F), 
2915 data] = 0.0342, wR[F2, all data] = 0.0883, S[F2] = 1.096 for 406 parameters. 
The weighting scheme w = [a2(F02) + (0.0386P) 2 + 0.9207P], P = 1/3[MAX(F02, 
0) + 2Fc2] gave satisfactory agreement analyses. The final difference Fourier 
synthesis contained no peak above +0.14 and no peak below -0.16 eA 3 . 
3.4.8 Synthesis of [Pd(HOC[9]aneN3)2](PF6)2. 
Pd(OAc) 2 (0.050g, 0.00023mo1) was dissolved in CH 2C12 (10cm3) to give 
an orange solution. HOC[9]aneN3 (0.070g. 0.00046mo1) was added as a solution in 
CH202  (5cm3), which gave a colour change to pale yellow and afforded a small 
amount of white precipitate. The solution was left to stand for 24 hours, then the 
solvent was removed in vacuo and the residue was taken up in the minimum volume 
of water. NH4PF6 (0.072g, 0.00044mol) was then added as a solution in water 
(1cm3) and the mixture was refrigerated for 24 hours to afford a v. pale yellow 
precipitate. This was collected, washed with water, ethanol and ether and dried in 
vacuo; (0.049g, 31.5%); Found: C, 22.5: H, 4.65:, N, 11.14%. C 14H30N6O2P2F 12Pd 
requires: C, 23.8: H, 3.68: N, 11.9%; IR (KBr disc) 3302m, 3073w, 2901m, 1651vs, 
1458m, 1426m, 1377m and 837 cm-l; FAB-MS (3-NOBA) mlz 561 = Pd(L)2(PF6), 
418 = Pd(L)2, 261 = Pd(L) (L = HOC[9]aneN3). 
3.4.9 Synthesis of [Pd(HOC[9]aneN3)21 [B (C 6F5)4] 2 . 
Pd(OAc)2 (0.050g. 0.00023mo1) was dissolved in CH 2C12 (10cm3) to give 
an orange solution. HOC[9]aneN3 (0.070g. 0.00046mo1) was added as a solution in 
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CH202 (5cm3), which gave a colour change to pale yellow and afforded a small 
amount of white precipitate. The solution was left to stand for 24 hours, then the 
solvent was removed in vacuo and the residue was taken up in the minimum volume 
of water. LiB(C 6F5 )4 (0.306g, 0.00023mo1) was then added as a solution in water 
(5cm 3). A white precipitate formed immediately which was very fine and difficult to 
filter, therefore acetone was added until the solution cleared and the mixture was 
allowed to evaporate. A pale yellow precipitate formed after several days which was 
collected and dried in vacuo; (0.260g, 65.5%); Found: C, 43.56: H, 2.82 : N, 4.00%. 
C62H30N6O2B2F40Pd requires: C, 41.9: H, 1.69: N, 4.73%; JR (KBr disc) 2928m, 
1696m, 1669s, 1516s, 1464s, 1374m, 1274m, 1089m and 1669m cm -1 ; FAB-MS (3-
NOBA) m/z 1098 = Pd(HOC[9]aneN3)2B(C6F5)4. 
3.4.10 Single Crystal X -Ray Structure of [Pd(HOC[9]aneN3)2][B(C6F5)4]2. 2H20. 
Pale yellow columns of X-Ray quality were grown by diffusion of hexane into 
a CH202 solution of the complex at -20 0C. 
Crystal Data: 
C621­13413 21740N604Pd, M = 1814.5. Monoclinic, spacegroup P2 1 1c, a = 
8.002(6), b = 24.36(3), c = 16.412(21) A, 3 = 103.36(8)0, V = 3112 A3 [from 20 
values of 9 reflections measured at ±(16 :g 20 :!~ 240), A = 0.071073A, T = 150K], 
Z = 2, DC = 1.936gcm 3 . Crystal dimensions 0.18 x 0.07 x 0.07 mm, ).t(Mo -Ka) = 
0.465 mm-1 , F(000) = 1792. 
Data Collection and Processin 
Stoe STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, &20 scan mode using the learnt profile method. 
Graphite-monochromated Mo-Ka radiation: 5180 data collected 20max 
= 450, -8 
:g h :g 8, 0 :g k :g 26, 0 :g 1 :g 17), 3022 unique data (Rt = 0.037) giving 3020 with 
F> 4o(F). 6% crystal decay, no absorption correction. 
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Structure Analysis and Refinement: 
The structure was solved by the heavy atom method (DIRDIF) and refined on 
F2 using SHELXL-93. At isotropic convergence an empirical absorption correction 
was made using DIFABS (maximum correction 1.102, minimum 0.852). Pd, F, N and 
0 atoms were refined with anisotropic thermal parameters. All H atoms were fixed 
in calculated positions. The C 6F5 rings of the counter-ion were constrained to have 
identical geometries due to a deviation apparent in one ring At final convergence R[F 
~ 4o(F), 3020 data] = 0.0772, wR[F 2, all data] = 0.1253, S[F2] = 0.896 for 360 
parameters. The weighting scheme w = [02(F02) + (0.0412P) 2 + OP], P = 
1 /3[MAX(F02, 0) + 217c2] gave satisfactory agreement analyses. The final difference 
Fourier synthesis contained no peak above +0.56 and no peak below -0.73 eA 3 . 
3.4.11 Synthesis of [Pd(HOC[9]aneN3  )CI  2]. 
PdC12 (0.155g, 0.00088mo1) and HOC[9]aneN3  (0.138g. 0.00088mo1) were 
dissolved in acetonitrile (25cm 3) and the solution was refluxed for 16 hours under 
N2 . This gave rise to a peach-coloured precipitate which was collected, washed with 
acetonitrile, then ether and dried in vacuo; (0.220g, 75.2%); Found: C, 25.2: H, 5.12: 
N, 12.6%: C 7H 15 C12N3 OPd requires: C, 25.1: H, 4.50: N, 12.6%; JR (KBr disc) 
3485w, 3217w, 3141m, 1658s, 1378m and 1127m cm; FAB-MS (3-NOBA) no 
assignable peaks. 
3.4.12 Synthesis of [Ni(HOC[9]aneN3)2(0H2)2](NO3)2. 
Ni(NO3 )2 .6H20 (0.060g, 0.00021mol) and HOC[9]aneN 3 (0.064g, 0.00042 
mol) were dissolved separately in ethanol (10cm 3) and the two solutions were mixed 
to yield an orange precipitate. This solid was collected by centrifugation, washed with 
ethanol, then ether and dried in vacuo. Upon standing in air the orange colour faded 
to a yellow colour over a period of six hours; (0.085g. 77.2%); Found: C, 31.2: H, 
6.39: N, 20.8%: C 14H34N80 10Ni requires: C, 31.5: H, 6.37: N, 21.0%; JR (KBr 
disc) 3432w, 3109m, 2927w, 1681s, 1407s, 1295m and 1040w cm; FAB-MS (3-
NOBA) no assignable peaks. 
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3.4.13 	Synthesis of [Ni([9]aneN3)2](BF4)2  from Ni(BF4)2 .6.5CH3CN and 
HOC[9]aneN3. 
Ni(BF4)2 .6.5CH3CN was prepared according to a standard literature 
procedure 173'1 74• HOC[9]aneN3 (0.352g. 0.0022mo1) and Ni(BF 4)2.6.5CH3CN 
(0.10g. 0.00021mol) were stirred in freshly distilled acetonitrile (10cm 3) for 2 hours 
under N2  to give a yellow solution. The reaction mixture was then refluxed for 72 
hours. The solvent was removed in vacuo and the residue was chromatographed on 
Sephadex LH-20 (with acetonitrile as eluent). A peach-coloured band was collected 
which gave a pink precipitate upon addition of ether. The solid was collected, washed 
with ether and dried in vacuo; (0.025g. 23.9%); JR (KBr disc) 3329m, 2937w, 2877w, 
1472m and 1054 cm- 1 ; FAB-MS (3-NOBA) m/z 316 = Ni(L) 2, 403 = Ni(L) 2(BF4) 
(L = [9]aneN3); UV/vis  Amaxmax) = 11500(8), 12500(8), 19800(6) and 30200(23) 
cm (dm3 moV 1 cm). 
3.4.14 Intermediate From Reaction of Ni(BF 4 )2 .6.5CH3 CN and HOC[9]aneN3. 
HOC[9]aneN3 (0.130g. 0.00083mo1) and Ni(BF4)2 .6.5CH3CN (0.197g, 
0.00041mol) were dissolved in freshly distilled acetonitrile (10cm 3 ) to give a yellow 
solution. This solution was then refluxed for 2 hours, the solvent was removed in 
vacuo and the residue was chromatographed on Sephadex LH-20 (with acetone as 
eluent). A purple band was collected, which upon addition of ether afforded a purple 
solid. This was recrystallised from acetonitrile/ether; (0.055g); JR (KBr disc) 3324m, 
3166m, 2938w, 1700s, 1463m, 1055s and 821w cm; FAB-MS (3-NOBA) mlz 342 
= Ni([9]aneN3)(HOC[9]aneN3) and 431 = Ni([9]aneN 3)(HOC[9}aneN3)(BF4); UV/vis 
Amax  (Emax) = 11726(3), 21080(4) and 28050(18) cm -1 (dm3 moV' cm-1  ). 
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Chapter 4: Metal Complexes of Pendent Alcohol Ligands 
4.1 	Introduction. 
4.1.1 Ligand Properties. 
This chapter describes the preparation of complexes with the three ligands 
illustrated in Figure 4.1, which have been designated the abbreviations L 2H2, L6H2 
and L 10H4. The synthesis and characterisation of the novel ligands L 2H2 and L6H2 
has been described earlier in this work (Chapter 2). L' °H4 has been prepared 
previously in Edinburgh 175 , and the synthesis of this ligand is included in the 
experimental section of this chapter. 
NN 













Figure 4.1: The Ligands L 2H2, L6H2 and L 10114 . 
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The three ligands illustrated in Figure 4.1 contain a range of amine, alcohol 
and amide donors, and all three should present an asymmetric array of donor atoms 
to a given metal centre. The coordination of macrocyclic and non-macrocyclic amines 
to transition metals is well established and has been discussed previously in Chapter 
1. The coordination chemistry of alcohols (in contrast to alkoxides) is not as rich as 
amines, since alcohols are poorer donors to metal centres. Section 4.1.2 considers the 
nature of alcohols as ligands, with particular reference to the geometry which the 
0-donor adopts. The coordination chemistry of amides has been introduced 
previously, with particular emphasis upon metal-ion promoted hydrolysis of amides 
(Section 3.1.2) and substitution of amide NH protons by metals (Section 1.7). These 
ideas concerning the coordination of amides to metal centres are reiterated in Section 
4.1.3. 
L2H2 and L6H2  are potentially 5-coordinate ligands which, upon coordination 
to metals which adopt octahedral geometries, will allow variation of the sixth 
coordination site. The incorporation of the amide moiety into L 2H2 is of particular 
interest. The macrocyclic ring may force the amide group to interact with the metal 
centre or, alternatively, the amide moiety may fold away from the metal and be 
replaced by a more effective donor. 
L 10H4  is a novel bis-macrocyclic ligand first prepared in Edinburgh via 
reaction of 1 ,2-bis-( 1 ,4,7-triaza- 1 -cyclononyl)ethane with isobutylene oxide 175 . This 
ligand presents an array of 10 donor atoms and was designed to bind two metals (one 
in each macrocyclic cavity) in close proximity to each other. The ligand should leave 
one vacant site at each metal centre (when coordinated to metals which normally 
adopt octaheral geometries) for potential coordination of monodentate or bridging 
ligands. Complexes of L 10H4  have been reported previously with Co(II), Cu(II) and 
Zn(II). The X-ray structures of [CO2(L 10H4)(H20)214  and [Cu2(L 10H2)] 2 are 
shown in Figures 4.2 and 4.3 respectively. The Co(II) complex adopts a 
centrosymmetnc anti-configuration, with the metal centres directed away from each 
other, and with one water molecule completing the coordination sphere at each metal. 
The Zn(II) complex adopts a similar anti-configuration, with NO3-ions coordinated 
at the sixth site rather than water. However, the Cu(II) complex has a syn 
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deprotonated in the Cu(II) complex and the two halves of the molecule are brought 
together by H-bonding interactions between the pendent alcohols. 
('IA ii 
rn 
Figure 4.2: View of the Single Crystal X-Ray Structure of [CO2 (L 10H4)(H20)2]4 
Figure 4.3: View of the Single Crystal X-Ray Structure of [Cu 2(L 10H2)] 2 . 
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4.1.2 The Coordination Chemistry of Alcohols. 
The coordination chemistry of alkoxides is rich and varied 176-181. Alkoxides 
are stronger ligands than alcohols and form complexes with most transition metals 
as well as with the alkali and alkaline earth metals. Mononuclear and polynuclear 
species (with bridging alkoxides) are known, and many have been characterised by 
crystallographic means. Alcohols, in contrast, are poorer ligands than alkoxides, and 
their coordination chemistry is not as well documented. 
Complexes of alcohol ligands of the type [Ni(ROH) 6](C104)2 (R = Et or Me) 
and [NiX2(EtOH)4] (X = Cl or Br) have been reported 182-187. However, as is the 
case with most simple alcohol complexes, these species are extremely hygroscopic 
and the alcohol ligands are readily replaced by water. Characterisation of these 
complexes by crystallographic means is thus very difficult. 
Incorporation of alcohol donors into multidentate ligands such as macrocycles 
(and also to open-chain chelates) has been reported by several workers 67 ' 107 ' 108 , 
including Wieghardt, Hancock and Peacock. This greatly enhances the stability of the 
metal-alcohol interaction and permits structural characterisation. Peacock has reported 
that metals in high oxidation states increase the acidity of the proton on the 
coordinated alcohol to the extent that deprotonation occurs with metals (at neutral 
pH) in oxidation state 3 or higher 107 ' 108 . 
Uncoordinated alcohols are considered to have sp 3 hybridisation at the 0 
atom, giving rise to 2 lone pairs. One might expect that coordination to a metal centre 
would therefore involve 1 of the lone pairs, with the other lone pair not interacting 
with the metal (as observed in thioether chemistry 34'35 '36'239). Confirmation of this 
should be straightforward, via X-ray crystallography. However, one drawback of X-
ray diffraction is that H atoms are commonly not located, due to their low scattering 
power188  It is therefore useful to consider the coordination geometries of related 0 
donors to study this problem. The most closely related donors in this instance are 
oxoethers and water. 
A literature survey of the reported crystal structures of coordinated 
tetrahydrofuran (THF) shows the M-O-(C)-(C) geometry to be essentially planar in 
almost all examples 189. The only exceptions to this are with elements where the 
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bonding is expected to be strongly covalent (such as beryllium or boron). Figure 4.4 
illustrates this type of bonding in a polymeric complex of Cu(II) with bridging dioxan 
ligands between the metal centres 190. This observed planarity of the M-O-(C)-(C) 
fragment contradicts the proposed idea of I lone pair binding to the metal centre. 
C 
Figure 4.4: An Example of the Geometry of Coordinated Ethers in the Complex 
[{ Cu(nbtfac) 2(dioxafl) },] [nbtfac = (p-nitrobenzoyl)trifluoroacetonate]. 
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One approach to the problem of alcohol and ether coordination is to consider 
the metal-ligand interaction as being purely electrostatic or ionic in origin, and to 
calculate ideal coordination geometries based upon molecular mechanics 
calculations 191,192. This approach has been employed by Hay 19 ' to model the 
interaction of potassium ions with crown ethers. Calculations show that the minimum 
energy configurations for metal-ether interactions always involve a planar M-O-(C)
(C) fragment. 
However, if this approach is applied to transition metals, then there is the 
danger that molecular orbital theory and it-bonding are not taken into 
consideration 193. The planarity of the M-O-(C)-(C) fragment can also be rationalised 
in terms of it-donation of the 0 atom lone pair to the metal centre, in which case the 
0 atom can be considered as a sp 2 hybrid (Figure 4.5). If the 0 atom is acting as a 
it-donor to an octahedral metal, then the only orbitals on the metal which are of 
appropriate symmetry for overlap are the T2g  orbitals. Thus, it-donation is only 
expected with metals which have a partially filled T2g  set, and this argument is 





Figure 4.5: The sp2  Hybridisation of the 0 Atom in Coordinated Oxoethers. 
In conclusion, experimental evidence has shown that the expected 
configuration of coordinated ethers is such that the M-O-(C)-(C) fragment is planar. 
Less work has been reported on coordinated alcohols, although the same result would 
be expected. Study of coordinated water molecules is greatly hindered by the 
difficulties in locating H atoms by X-ray diffraction studies, as described above. 
Neutron diffraction studies on [M(OH 2)6] species in aqueous solution have shown 
that the coordination geometry of H 20 ligands is dependent upon concentration and 
outer-sphere coordination' 94-1 96• 
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4.1.3 The Coordination Chemistry Of Amides, 
The coordination chemistry of amides has been introduced previously 
(Sections 1.7 and 3.1.2). Primary and secondary amides can coordinate to metal 
centres via deprotonation of the N atom to yield an anionic ligand, although most 
reported amide complexes involve coordination of the amide 0 atom, in which case 
the amide is classified as a "hard" donor. Coordination of the amide 0 atom is 
normally accompanied by a decrease of the UCO  stretching frequency 138 of ca 
30cm 1 . 
No coordination compounds have been reported where the amide N atom is 
coordinated to a metal centre without concurrent deprotonation. The closest example 
of such N coordination is in the [PtC1 2(urea) 21 complex 197 (urea = NH2C0NH2), 
where the ligand is bound to the Pt(II) centre via the -NH 2 group (Figure 4.6). 
~—NH2 




Figure 4.6: The N-Coordination of Urea in [PtC1 2(urea)21. 
127 
Chapter 4: Metal Complexes of Pendent A Icohol Ligands 
4.2 Results and discussion. 
4.2.1 Reaction of Cu(H) with 1 -formyl-4,7-bis-(2-hydroxy-2-methylpropyl)- 1,4,7-
triazacyclononane (L 2H2 ). 
Reaction of Cu(NO 3 )2 .3H20 with one equivalent of L 2H2 in methanol, 
followed by addition of NaBF4 and recrystallisation from CH 3CN -. diethylether 
afforded blue crystals. The IR spectrum of this material indicated the presence of 
L2H2 ligand and both NO 3 and BF4 counter ions, although the mass spectrum 
showed no assignable peaks. The UCO  amide stretch of L 2H2 in this material was 
observed at 1 654cm, which is not shifted substantially from the UCO  amide stretch 
of the free ligand. Analytical data was confusing, partly due to the presence of both 
NO3 and BF4  anions in the IR spectrum. This suggested a product with mixed 
counter-ions, such as [Cu(L2H2)(0H2)](NO3)(BF4), although the analytical data did 
not agree with any predicted structures. A single crystal X-ray structure determination 
was therefore undertaken to ascertain the structure of this material. 
4.2.2 Single Crystal X-Ray Structure of Na[Cu(L 2H2)(NCCH3)1(BF4)2(NO3). 
Deep-blue prisms of X-ray quality were obtained from the diffusion of ether 
into an CH3CN solution of the complex. Details of the structure solution and 
refinement are given in the experimental section. Selected bond lengths, angles and 
torsions are given in Tables 4.1-4.3. and a view of the cation is presented in Figure 
4.7. The cation has the structure [Cu(L 2H2)(NCCH3)] 2 , with the Cu(II) centre 
forming bonds to the two amine donors and two alcohol donors of L 2H2 and also to 
a coordinated CH 3CN molecule. The Cu-N bond lengths lie in the range 1.984(3) to 
2.015(3)A. Both alcohol donors are protonated, with one short Cu-0(16) bond of 
1.963(3)A and one long Cu-0(21) bond of 2.2518(25)A. The geometry at the 0 atom 
of the alcohols is such that the M-0-(C)-(H) fragment is planar. 
In addition to these five bonds, there is also a sixth longer-range interaction 
of the metal centre with the amide N [N(1)] of L 2H2 at a distance of 2.611(5)A. 
Interaction of N(I) with the Cu(II) centre is confirmed by the observed loss of 
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planarity of the C(2)C(9)N(1)C(10)0(1 1)H(1 O) fragment. Thus, the dihedral angle 
between the planes defined by C(2)C(9)N(1) and N(1)C(lO)0(1 1)H(1 O) is 27.1(4) 0 , 
which is illustrated by the view of the cation shown in Figure 4.8. 
The solid state structure of Na[Cu(L 2H2)(NCCH3)](BF4)2(NO3) is also found 
to contain an aggregate of [Na(BF 4)2 1 -  units which form a polymeric chain structure 
generated by a glide plane in the crystal. Each Na+  ion makes 5 contacts with F 
atoms (from BF4  ions) in the range 2.242(3) to 2.424(3)A. In addition, the amide 0 
[0(l 1)] from the [Cu(L2H2(NCCH3)] 2 cation forms a sixth interaction with the Na 
ion at a distance of 2.321(3)A. The polymeric [Na(BF 4)2] chain is illustrated in 
Figure 4.10, which shows the six-coordinate nature of the Na+  cations. 
The combined effect of the interactions described above is to create a 
supramolecular array of cations and anions which generates a stacked structure in the 
solid state. The structure is completed by nitrate counter ions which do not form any 
bonding interactions. Figure 4.11 shows the structure viewed along the Y-axis and 
Figure 4.12 shows a view along the X-axis. The ion-contacts and geometries around 
the Na+  ions are given in Tables 4.4 and 4.5, along with the symmetry operations 
used to generate symmetry-equivalent atoms. 
The amide function of L2112 thus interacts with two metal centres in this 
structure. The interaction of amide 0 atoms with alkali metals is well documented, 
although interaction of amide N atoms with metal centres has only been reported with 
the concurrent deprotonation of the amide. Since the amide function in L 2H2 is a 
tertiary amide, deprotonation is not possible. As stated previously, the amide function 
deviates significantly from planarity to give a dihedral angle of 27.1(4) 0 between the 
planes defined by C(2)C(9)N(1) and N(1)C(10)0(1 1)H(10). However, the equivalent 
dihedral angle in an sp 3  hybridised donor to a metal centre (eg. an amine donor) is 
approx. 550 (see Figure 4.9). This suggests that the Cu-N(1) interaction is not 
particularly strong and that there is still a degree of delocalisation of the N lone pair 
over the amide group. 
Coordination of amide 0 atoms to metal centres is normally accompanied by 
a decrease in the UCO  stretching frequency of circa 30cm4 , which has not been seen 
in this structure. This can be construed as further evidence for the amide N atom 




Chapter 4: Metal Complexes of Pendent A Icohol Ligands 
delocalisation of the amide N lone pair onto the 0 atom, which is normally 
responsible for the lowering of the amide UCO  stretching frequency. Since the UCO 
stretching frequency is not lowered, then this suggests that the N atom of the amide 
is weakly bound to the Cu(II) centre. 
C(19) 
Figure 4.7: A View of the Cation in Na[Cu(L2H2)(NCCH3)](BF4)2(NO3). 
0(11) 
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Figure 4.9: 	A Representation of the Geometry of the M-N Interactions in Amine 
Complexes (right) and in Na[Cu(L 2H2)(NCCH3)](BF4)2(NO3) (left). 
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Figure 4.10: A View of the Polymeric [Na(BF 4)21 -  Chains and Amide Coordination 
to Na in Na[Cu(L2H2)(NCCH3)] (BF4)2(NO3). 
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Figure 4.11: A View of Na{Cu(L2H2)(NCCH 3 )J(BF4)2(NO3 ) Along the Y-Axis 
(NO3 - ions omitted for clarity: Cu-Magenta, Na-Yellow, B-Orange, F- Green, 0-Red, 
N-Blue, C-Black). 
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Figure 4.12: A View of Na[Cu(L 2H2 )(NCCH3 )](BF4) 2(NO3 ) Along the X-Axis 
(NO3 - ions omitted for clarity) (Cu-Blue, Na-Yellow, B-Orange, F-Green, 0-Red). 
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Table 4.1: 	Selected Bond Lengths (A) for Na[Cu(L 2H2 )(NCCH3)1(BF42LN31. 
Cu-N(4) 	............. 2.002(3) C(13)-C(15) 	.......... 1.513(5) 
Cu-N(7) 	............. 2.015(3) C(13)-O(16) 	.......... 1.453(4) 
Cu-O(16) 	............ 1.963(3) O(16)-H(16) 	.......... 0.95(3) 
Cu-0(21) 	............ 2.2518(25) C(18)-C(19) 	.......... 1.530(5) 
Cu-N(la) 	............ 1.984(3) C(18)-C(20) 	.......... 1.530(5) 
N(l)-C(2) 	............ 1.481(5) C(18)-O(21) 	.......... 1.446(4) 
N(1)-C(9) 	............ 1.472(5) 0(21)-H(21) 	.......... 0.95(4) 
N(1)-C(l0) 	........... 1.357(5) N(la)-C(2a) 	.......... 1.137(5) 
C(2)-C(3) 	............ 1.526(5) C(2a)-C(3a) 	.......... 1.449(5) 
C(3)-N(4) 	............ 1.511(5) N(4)-C(5) 	............ 1.493(4) 
N(4)-C(12) 	........... 1.493(5) C(5)-C(6) 	............ 1.523(5) 
C(6)-N(7) 	............ 1.509(5) N(7)-C(8) 	............ 1.500(5) 
N(7)-C(17) 	........... 1.494(5) C(8)-C(9) 	............ 1.531(5) 
C(10)-H(l0) 	.......... 1.080(5) C(10)-O(l1) 	.......... 1.218(4) 
C(12)-C(13) 	.......... 1.543(5) C(13)-C(14) 	.......... 1.519(5) 
Table 4.2: 	Selected Bond Angles () for Na1Cu(L 2H2 )(NCCH3)1(BF42LNQ31 
N(4)-Cu -N(7) ......... 86.95(12) C(12)-C(13)-C(15) ...... 109.0(3) 
N(4)-Cu-O(16) 	........ 82.12(11) C(12)-C(13)-O(16) ...... 105.3(3) 
N(4)-Cu-O(21) 	........ 96.57(10) C(14)-C(13)-C(l5) ...... 109.9(3) 
N(4)-Cu-N( I a) 	........ 168.40(12) C( I 4)-C( I 3)-0(16) ...... 108.9(3) 
N(7)-Cu-O(16) 	........ 169.07(11) C(15)-C(13)-O(16) ...... 108.9(3) 
N(7)-Cu-O(21) 	........ 77.66(10) Cu-0(16)-C(13) ........ 118.46(21) 
N(7)-Cu-N( I a) 	........ 97.85(12) Cu-O( I 6)-H( 16) 	....... 128.7(20) 
O(16)-Cu-O(21) 	....... 103.37(10) C(13)-0(16)-H(16) 	..... 112.7(20) 
O(16)-Cu-N(la) ........ 92.92(12) N(7)-C(17)-C(18) 	...... 115.6(3) 
O(21)-Cu-N(la) ........ 94.77(11) C(17)-C(18)-C(19) 	...... 108.7(3) 
C(2)-N(1)-C(10) 	....... 116.3(3) C(17)-C(18)-O(21) ...... 105.9(3) 
C(9)-N(l)-C(l0) 	....... 117.4(3) C(19)-C(18)-C(20) ...... 108.9(3) 
N( 1 )-C(2)-C(3) 	........ 115.1(3) C( 1 9)-Q] 8)-0(2 1) ...... 109.1(3) 
C(2)-C(3)-N(4) 	........ 115.8(3) C(20)-C(18)-O(21) ...... 110.5(3) 
Cu-N(4)-C(3) 	......... 113.55(21) Cu-O(21)-C(18) ........ 114.42(20) 
Cu-N(4)-C(5) 	......... 103.52(20) Cu-0(21)-H(21) 	....... 134.0(21) 
Cu-N(4)-C( 12) 	........ 105.79(21) C( I 8)-0(2 I)-H(2 1) 	..... 109.9(21) 
C(3)-N(4)-C(5) 	........ 109.7(3) Cu-N(la)-C(2a) 	........ 164.5(3) 
N(la)-C(2a)-C(3a) 	...... 178.9(4) N(4)-C(5)-C(6) 	........ 109.6(3) 
C(5)-C(6)-N(7) 	........ 111.0(3) Cu-N(7)-C(6) 	......... 108.23(2 1) 
Cu-N(7)-C(8) 	......... 109.74(21) Cu-N(7)-C(17) 	........ 108.03(21) 
C(6)-N(7)-C(8) 	........ 110.0(3) C(6)-N(7)-C(17) 	....... 112.6(3) 
C(8)-N(7)-C(17) 	....... 108.2(3) N(7)-C(8)-C(9) 	........ 113.5(3) 
N( I )-C(9)-C(8) 	........ 112.9(3) N( I )-C( I 0)-H( 10) 	...... 118.2(4) 
N(1)-C( 10)-O(1 1) 	...... 123.6(3) H(10)-C(10)-O(1 1) 	..... 118.2(4) 
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Table 4.3: 	Selected Torsion Angles (°) for Na[Cu(L 2H2 )(NCCH 3 )1(BF42LNQ3l 
C(9)-N(1)-C(2)-C(3) 	. . . . -55.9(4) C(6)-N(7)-C(8)-C(9) 	. . . . -63.9(4) 
C(10)-N(1)-C(2)-C(3) . . . . 154.6(3) C(17)-N(7)-C(8)-C(9) 	. . . 172.7(3) 
C(2)-N( I )-C(9)-C(8) 	. . . . 122.5(3) C(6)-N(7)-C( I 7)-C( 18) . . . 70.7(4) 
C( I 0)-N( I )-C(9)-C(8) . . . . -88.3(4) C(8)-N(7)-C( I 7)-C( 18) . . . -167.6(3) 
C(2)-N( I )-C( I 0)-H( 10) . . . -18.5(5) N(7)-C(8)-C(9)-N(l) 	. . . . -54.2(4) 
C(2)-N( 1 )-C( 1 0)-O( 11) . . . 161 .4(3) N(4)-C(12)-C(13)-C(14) . . -92.5(4) 
C(9)-N(1 )-C( 1 0)-H( 10) . . . -168.6(4) N(4)-C(12)-C(13)-C( 15) . . 143.8(3) 
C(9)-N(1)-C(10)-0(1 1) . . . 11.4(5) N(4)-C(12)-C(13)-0(16) . . 27.2(4) 
N( 1 )-C(2)-C(3)-N(4) 	. . . . -51.6(4) C( 1 2)-C( 1 3)-0( I 6)-H( 16) . 177.6(22) 
C(2)-C(3)-N(4)-C(5) 	. . . . 132.1(3) C( I 4)-C( 1 3)-0( I 6)-H( 16) . -59.0(22) 
C(2)-C(3)-N(4)-C( 12) . . . . -104.0(3) C( I 5)-Q 1 3)-0( I 6)-H( 16) . 60.9(22) 
C(3)-N(4)-C(5)-C(6) 	. . . . -73.2(3) N(7)-C(17)-C(18)-C(19) . . 147.2(3) 
C(3)-N(4)-C( I 2)-C( 13) . . . 83.5(4) N(7)-C(17)-C(18)-0(21) . . 30.1(4) 
C(5)-N(4)-C( I 2)-C( 13) . . . -152.9(3) C( I 7)-Q1 8)-0(2 I)-H(2 I) . 167.9(23) 
N(4)-C(5)-C(6)-N(7) 	. . . . -43.1(4) C( 1 9)-Q] 8)-0(2 I)-H(2 1) . 51.0(23) 
C(5)-C(6)-N(7)-C(8) 	. . . . 135.0(3) C(20)-C(18)-O(21)-H(21) . -68.8(23) 
Table 4.4 	Na ion contacts (A) in NaFCu(L2H2)(NCCH311(BF412LNQ3) 
Na-O(1 1) ............2.32 1(3) Na-F(4) 	............. 2.2424(25) 
Na-F(2) 	............. 2.270(3) Na-F(5") 	............. 2.4239(25) 
Na-F(7) 	............. 2.2574(25) NaF(6u) 2.3528(24) 
Table 4.5: 	Na ion geometries (°) in NaFCu(L 2H2 )(NCCH 3 )1(BF4)2LNQ31 
C(10)-0(1 1)-Na ........ 141.25(25) F(2)-Na-F(6') 	......... 86.93(9) 
B(1)-F(2)-Na 	.......... 153.47(24) F(7)-Na-F(4') 	......... 98.15(9) 
B(2)-F(7)-Na .......... 144.43(22) F(7)-Na-F(5") 	......... 149.06(10) 
0(11 )-Na-F(2) 	......... 167.25(11) F(7)-Na-F(6") 	......... 93.53(9) 
0(1 1)-Na-F(7) 	......... 95.24(10) F(4)-Na-F(5") 	......... 112.04(9) 
0(1 1)-Na-F(4) 	........ 92.69(10) F(4')-Na-F(6") 	......... 168.19(10) 
0(1 1)-Na-F(5") 	........ 77.36(9) F(5")-Na-F(6") 	........ 56.15(8) 
0(11 )-Na-F(6") 	........ 84.49(9) Na-F(4)-B( I ) 	 ......... 1 32.25(22) 
F(2)-Na-F(7) 	.......... 94.68(10) Na-F(5')-B(2') 	......... 96.58(20) 
F(2)-Na-F(4') 	......... 93.80(10) Na-F(6")-B(2') ......... 99.66(20) 
F(2)-Na-F(5") 	......... 90.03(9) 
= symmetry operation (-0.5+x, 0.5-y, z): 	symmetry operation (0.5+x, 0.5-y, z)] 
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4.2.3 Reaction of Cu(1I) with 1-benzyl-4,7-bis-(2-hydroxy-2-methylpropyl)-1,4,7-
triazacyclononane (L6 H2 ). 
Reaction of Cu(NO 3 ) 2 .3H20 with one equivalent of L 6H2 in ethanol gave a 
deep-blue solution, which upon evaporation afforded a blue microcrystalline solid. 
This was recrystallised from hot CH 2Cl 2 . The mass spectrum of this material showed 
peaks for [Cu(L 6H2)] and also for [Cu(L6H2)](NO 3). Analysis of the sample 
suggested the presence of water. The solubility of this material in CH 202 was 
slightly surprising, as NO 3 - salts are normally soluble in polar solvents such as water 
or alcohols. L6H2 is a potentially pentadentate donor, through 3 amine and 2 alcohol 
donor atoms. The sixth coordination site of this material could therefore be filled by 
a water or nitrate ligand. In order to ascertain the coordination geometry of the metal 
centre, a single crystal X-ray structure determination was undertaken. 
4.2.4 Single Crystal X-Ray Structure of [Cu(L 6H2)(0H2)](NO3)2. 
Crystals suitable for X-ray studies were obtained from the evaporation of a 
solution of the complex in CH 202 . Details of the structure solution and refinement 
are given in the experimental section. Selected bond lengths, angles and torsions are 
given in Tables 4.6-4.8, and a view of the cation is shown in Figure 4.14. The Cu(II) 
centre is six-coordinate, bonding to the three amine and two alcohol donors of L 6H2 
and also to a water molecule. There are four short bonds [to N(7), N(4), 0(40) and 
0(1)] in the range 1.961(5)-2.073(6)A and two longer bonds to N(l) and 0(70) at 
2.308(5) and 2.313(5)A respectively. The H atoms of the water molecule [0(1)] and 
one of the pendent-arms [0(40)] are found to make H-bonding contacts with the 
nitrate counter-ions. Three such contacts are made, between H(40)-0(92) (1.852A), 
H(la)-0(91) (1.924A) and H(lb)-0(82) (1.753A), which is illustrated in Figure 4.15. 
Such association between the nitrate ions and the cation in solution may help to 
explain the unexpected solubility of this material in CH 2Cl2 . 
The geometry of coordinated alcohols and water molecules has been 
introduced in Section 4.1.2. One important point to note about the structure under 
discussion is that the H atoms on both the alcohol donors and the water donor were 
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located from the difference map. This may be due in pai: to the H-bonding to the 
nitrate counter-ions which may hold these H atoms rigidly in place. The ideas 
concerning the geometry of the 0 atom in coordinated alcohols and water which were 
introduced in Section 4.1.2 are borne out in this structure. The M-O-(C)-(H) and 
M-0-(H)-(H) fragments do not deviate significantly from planarity, suggesting that 
the 0 donors are sp 2 hybrids. 
Figure 4.16 illustrates the packing diagram for [Cu(L 6H2)(0H2)](NO 3 )2 . The 
aromatic benzyl groups of L 6H2 are seen to lie above each other in the solid state 
at a distance of 3.4A, which may be indicative of a 7t-t stacking interaction. However, 
care must be taken to distinguish i-t stacking forces from simple crystal-packing 
forces. Much work has been devoted recently to the development of molecular 
receptors which utilise aromatic ir ­z stacking (in conjunction with H-bonding) to bind 
molecules such as nucleotide bases and phenols l98203  Such it-it stacking 
interactions normally involve activated aromatic molecules (eg. with -0CM 3 or -OH 
substituents) stacking with deactivated aromatic molecules (eg. with -NO 2 
substituents). Stacking of an activated and a deactivated aromatic pair allows the 
aromatic rings to bind via a HOMO-LUMO (donor-acceptor) interaction. It should 
be stressed, however, that it-it stacking is a fairly weak interaction (2-10 kJmoi 1 ) and 
binding sites require H-bonding interactions in addition. An example of this is shown 
in Figure 4 . 13200 . 
Since the aromatic rings in [Cu(L6H2)(0H2)J(NO3 )2 are of the same type, 
it would appear that that the arrangement of the benzy 1 groups is more likely to be 
attributed to crystal-packing forces rather than it-it stacking. 
R 
Figure 4.13: An Example of a Binding Site Which Utilises it-it Stacking. 
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Figure 4.14: A View Of The Cation in [Cu(L 6H2)(0H2)](NO3)2. 
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ru.x 
Figure 4.15: A View of [Cu(L6H2)(0H2)](NO3)2 Illustrating the H-Bonding 
Interactions. 
140 
Chapter 4: Metal Complexes of Pendent A Icohol Ligands 
Figure 4.16: A View of the Packing Diagram for [Cu(L 6H2)(0H2)](NO3 )2 . 
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Table 4.6: 	Selected Bond Lengths (A) for [Cu(1,6H2 )(OH2)1(NO 32 
Cu(1)-O(1) 	........... 1.961(5) Cu(1)-0(40) 	.......... 2.002(5) 
Cu(])-N(4) 	........... 2.010(6) Cu(1)-N(7) 	........... 2.073(6) 
Cu(l)-N(1) 	........... 2.308(5) Cu(1)-0(70) 	.......... 2.313(5) 
N(1)-C(2) 	............ 1.462(9) N(l)-C(9) 	............ 1.479(9) 
N(1)-C(10) 	........... 1.481(9) N(4)-C(5) 	............ 1.494(9) 
N(4)-C(3) 	............ 1.496(9) N(4)-C(40) 	........... 1.501(9) 
N(7)-C(70) 	........... 1 .493(9) N(7)-C(8) 	............ 1 .499(9) 
N(7)-C(6) 	............ 1.502(9) 0(40)-C(41) 	.......... 1.462(9) 
O(70)-C(71) 	.......... 1.436(9) C(2)-C(3) 	............ 1.536(10) 
C(5)-C(6) 	............ 1.520(10) C(8)-C(9) 	............ 1.524(10) 
C(l0)-C(1 1) 	.......... 1.501(10) C(40)-C(41) 	.......... 1.517(11) 
C(4 I )-C(42) 	.......... 1.521(11) C(41 )-C(43) 	.......... 1.531(11) 
C(70)-C(71) 	.......... 1.551(10) C(71)-C(73) 	.......... 1.511(12) 
C(71)-C(72) 	.......... 1.515(12) 
Table 4.7: 	Selected Bond Angles () for 1Cu(L 6H2)(OH2 )1(NO 32 
0(1)-Cu(1)-0(40) 	...... 90.1(2) 0(1)-Cu(1)-N(4) 	....... 171.6(2) 
0(40)-Cu(1)-N(4) 	...... 81.5(2) 0(l)-Cu(1)-N(7) 	....... 101.9(2) 
0(40)-Cu(1)-N(7) 	...... 167.6(2) N(4)-Cu(1)-N(7) 	....... 86.4(2) 
0(1)-Cu(1)-N(1) 	....... 98.2(2) 0(40)-Cu(1)-N(1) 	...... 99.8(2) 
N(4)-Cu(1)-N(1) 	....... 84.2(2) N(7)-Cu(1)-N(1) 	....... 81.7(2) 
0(1)-Cu(1)-0(70) 	...... 87.7(2) 0(40)-Cu(1)-0(70) 	..... 103.8(2) 
N(4)-Cu(1)-0(70) 	...... 93.5(2) N(7)-Cu(1)-0(70) 	...... 74.0(2) 
N(1)-Cu(1)-0(70) 	...... 155.7(2) C(2)-N(1)-C(9) 	........ 114.2(6) 
C(2)-N(I)-C(10) 	....... 113.7(6) C(9)-N(1)-C(10) 	....... 113.1(6) 
C(2)-N(1)-Cu(1) 	....... 98.9(4) C(9)-N(1)-Cu(1) 	....... 106.2(4) 
C(10)-N(1)-Cu(1) 	...... 109.3(4) C(5)-N(4)-C(3) 	........ 111.4(6) 
C(5)-N(4)-C(40) 	....... 109.7(5) C(3)-N(4)-C(40) 	....... 114.7(6) 
C(5)-N(4)-Cu(i) 	....... 104.1(4) C(3)-N(4)-Cu(I) 	....... 110.7(4) 
C(40)-N(4)-Cu(1) 	...... 105.4(4) C(70)-N(7)-C(8) 	....... 108.7(5) 
C(70)-N(7)-C(6) 	....... 113.5(6) C(8)-N(7)-C(6) 	........ 110.5(6) 
C(70)-N(7)-Cu(1) 	...... 110.0(4) C(8)-N(7)-Cu(1) 	....... 106.3(4) 
C(6)-N(7)-Cu(1) 	....... 107.5(4) C(41)-0(40)-Cu(1) ...... 117.6(4) 
C(7 I )-O(70)-Cu( 1) ...... 116.4(4) N( I )-C(2)-C(3) 	........ 111.9(6) 
N(4)-C(3)-C(2) 	........ 114.5(6) N(4)-C(5)-C(6) 	........ 110.3(6) 
N(7)-C(6)-C(5) 	........ 111 .0(6) N(7)-C(8)-C(9) 	........ 111 .7(6) 
N( I )-C(9)-C(8) 	........ 1 10.7(6) N( I )-C( I 0)-C( 11) 	...... 117.2(6) 
N(4)-C(40)-C(41) 	...... 114.1(6) 0(40)-C(41)-C(40) ...... 105.4(5) 
O(40)-C(41)-C(42) ...... 108.5(6) C(40)-C(41)-C(42) ...... 115.0(7) 
O(40)-C(41)-C(43) ...... 109.0(6) C(40)-C(41)-C(43) ...... 109.7(7) 
C(42)-C(41)-C(43) ...... 109.1(6) N(7)-C(70)-C(71) 	...... 115.8(6) 
O(70)-C(71)-C(73) ...... 110.1(7) O(70)-C(71)-C(72) ...... 110.3(7) 
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C(73)-C(71)-C(72) ......110.6(7) 	O(70)-C(71)-C(70) ...... 105.4(6) 
C(73)-C(71)-C(70) ......112.7(7) C(72)-C(71)-C(70) ......107.7(7) 
Table 4.8: 	Selected Torsion Angles (°) for [Cu(L 6H2)(OH2)1(NO 3 12 
C(9)-N(1)-C(2)-C(3) 	. . . . 66.7(8) C(10)-N(1)-C(2)-C(3) 	. . . -161.4(6) 
C(5)-N(4)-C(3)-C(2) 	. . . . -131.0(6) C(40)-N(4)-C(3)-C(2) 	. . . 103.6(7) 
N(1)-C(2)-C(3)-N(4) 	. . . . 45.9(9) C(3)-N(4)-C(5)-C(6) 	. . . . 71.3(7) 
C(40)-N(4)-C(5)-C(6) . . . . -160.5(6) C(70)-N(7)-C(6)-C(5) 	. . . 103.5(7) 
C(8)-N(7)-C(6)-C(5) 	. . . . -134.0(6) N(4)-C(5)-C(6)-N(7) 	. . . . 45.3(8) 
C(70)-N(7)-C(8)-C(9) . . . . -169.4(6) C(6)-N(7)-C(8)-C(9) 	. . . . 65.3(7) 
C(2)-N( I )-C(9)-C(8) 	. . . . -132.7(6) C( I 0)-N( 1 )-C(9)-C(8) 	. . . 95.0(7) 
N(7)-Q8)-Q9)-N(l) 	. . . . 51.9(8) C(2)-N( I )-C( 1 0)-C( 11) . . . -60.9(8) 
C(9)-N( 1 )-C( I 0)-C( 11) . . . 71.6(8) N( I )-C( I 0)-C( 11 )-C( 16) 	. . 86.3(9) 
N(1)-C(10)-C(1 1)-C(12) 	. . -99.7(8) C(5)-N(4)-C(40)-C(41) . . . 155.6(6) 
C(3)-N(4)-C(40)-C(41) . . . -78.0(8) N(4)-C(40)-C(41)-0(40) . . -30.1(8) 
N(4)-C(40)-C(41)-C(42) . . 89.4(8) N(4)-C(40)-C(41)-C(43) . . -147.3(6) 
C(8)-N(7)-C(70)-C(71) . . . 163.9(6) C(6)-N(7)-C(70)-C(71) . . . -72.6(8) 
N(7)-C(70)-C(71)-0(70) . . -24.7(9) N(7)-C(70)-C(71)-C(73) . . 95.4(8) 
N(7)-C(70)-C(7 I)-C(72) . . -142.4(7) 
4.2.5 Reaction of Ni(II) with 4,4',7,7'-tetmkis-(2-hydroxy-2-methylpropyl)[1,2-biS 
(1,4,7-triaza- 1-cyclononyl)ethane] (L 10 H4 ). 
Reaction of 2 equivalents of NI(NO 3 )2 .6H20 with I equivalent of L 10H4 in 
ethanol, followed by addition of NH 4PF6 yields a blue solid. Recrystallisation of this 
solid by the slow evaporation of an CH 3CN - water mixture affords blue crystals. 
The IR spectrum of this material indicates the presence of the ligand (L 2H2) and 
PF6  counter-ion, along with a weak absorption for coordinated CH 3CN (2426cm 1 ). 
The FAB mass spectrum shows a peak for [Ni 2 (L 10H4)] and analysis suggests the 
presence of water in the crystals. In order to compare the structure with the 
previously reported complexes of this ligand (with Cu, Co and Zn), a single crystal 
X-ray structure determination was undertaken. 
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4.2.6 Single Crystal X-Ray Structure of [Ni 2 (NCCH3 ) 2(L 10 H4 )}(PF6 )4 .4H20. 
Crystals suitable for X-ray analysis were obtained by the slow evaporation of 
a solution of the complex in an CH 3CN-water mixture. Details of the structure 
solution and refinement are given in the experimental section. Selected bond lengths, 
angles and torsions are given in Tables 4.9-4.11 and a view of the cation is shown 
in Figure 4.17. Each Ni(II) centre is bound to 5 donors from the macrocycle, with the 
sixth coordination site being filled by an CH 3CN molecule. The Ni-N/0 bond lengths 
lie in the range 2.028(4)-2.150(3)A, with the coordination geometry at the metal 
centre being approximately octahedral. The overall conformation of L' °H4 leads to 
the 2 metal centres being directed away from each other in an anti-configuration, with 
the two halfs of the molecule being related by an inversion centre midway between 
C(7) and CT) at (0, -0.5, 0.5). The crystal was also found to contain 4 water 
molecules of crystallisation per cationic unit, as suggested by the analytical data. The 
water molecules form H-bonding interactions with the pendent alcohols of the cation, 
at distances of 1.70(4) [O(lw)-H(19)] and 1.84(4)A [0(2w)-H(14)]. 
The geometry of the coordinated alcohols in this complex is similar to the 
geometries of the coordinated alcohols in Na[Cu(L 2H2)(NCCH3)](BF4)2(NO3) and 
[Cu(L6H2)(0H2)](NO3)2. Thus, the M-O-(C)-(H) fragments are essentially planar, 
again suggesting that the alcohol 0 atom is a sp 2 hybrid. 
The anti configuration of this molecule is very similar to the configurations 
reported previously for the Co(II) and Zn(II) complexes of L'°H4 175  (see Figures 
4.2 and 4.3). The syn configuration is only adopted in the Cu(II) complex, where 
H-bonding between the pendent alcohols brings the Cu(II) centres closer together. 
The 5-coordinate nature of the Cu(II) complex may be an important aspect to the 
conformation. The presence of the sixth ligands in the Co(II), Ni(II) and Zn(II) 





























Chapter 4: Metal Complexes of Pendent Alcohol Ligands 
Table 4.9: 	Selected Bond Lengths (A) for FNi2(NCCH32(L 10H4)1(PF6 4All2Q 
Ni-N(l) 	............. 2.057(4) C(8)-C(9) 	............ 1.523(7) 
Ni-N(4) 	............. 2.046(4) C(10)-C(l1) 	.......... 1.542(7) 
Ni-N(7) 	............. 2.137(4) C(l1)-C(12) 	.......... 1.528(7) 
Ni-0(14) 	............ 2.150(3) C(11)-C(13) 	.......... 1.529(7) 
Ni-0(19) 	............ 2.036(3) C(11)-0(14) 	.......... 1.455(6) 
Ni-N(ls) 	............. 2.028(4) 0(14)-H(14) 	.......... 0.95(4) 
N(1)-C(2) 	............ 1.503(6) C(15)-C(16) 	.......... 1.541(7) 
N(l)-C(9) 	............ 1.489(6) C(16)-C(17) 	.......... 1.526(7) 
N(1)-C(10) 	........... 1.497(6) C(16)-C(18) 	.......... 1.528(7) 
C(2)-C(3) 	............ 1.540(7) C(16)-0(19) 	.......... 1.445(6) 
C(3)-N(4) 	............ 1.490(6) 0(19)-H(19) 	.......... 0.96(4) 
N(4)-C(5) 	............ 1.503(6) N(Is)-C(2s) 	........... 1.141(6) 
N(4)-C(15) 	........... 1.489(6) C(2s)-C(3s) 	........... 1.461(7) 
C(5)-C(6) 	............ 1.526(7) O(lw)-H(lwa) ......... 0.95(4) 
C(6)-N(7) 	............ 1.492(6) O(lw)-H(lwb) 	........ 0.96(4) 
N(7)-C(7) 	............ 1.497(6) 0(2w)-H(2wa) ......... 0.96(4) 
N(7)-C(8) 	............ 1.500(6) 0(2w)-H(2wb) 	........ 0.96(4) 
C(7)-C(7') 	............ 1.541(6) 
Table 4.10: Selected Bond Angles (°) for [Ni 2(NCCH32(L 10H4)1(PF64H2  0. 
N(1)-Ni-N(4) 	......... 86.30(14) Ni-N(7)-C(7) .......... 114.6(3) 
N(1)-Ni-N(7) 	......... 85.26(14) Ni-N(7)-C(8) .......... 106.5(3) 
N(1)-Ni-0(14) 	......... 76.93(13) C(6)-N(7)-C(7) 	........ 109.8(3) 
N(1)-Ni-0(19) 	......... 165.59(14) C(6)-N(7)-C(8) 	........ 112.0(3) 
N(1)-Ni-N(ls) 	......... 100.68(15) C(7)-N(7)-C(8) 	........ 110.9(3)  
N(4)-Ni-N(7) 	......... 85.45(14) N(7)-C(7)-C(7') 	........ 114.1(4) 
N(4)-Ni-0(14) 	......... 91.19(13) N(7)-C(8)-C(9) 	........ 111.1(4) 
N(4)-Ni-0(19) 	......... 80.13(13) N(l)-C(9)-C(8) 	........ 110.2(4) 
N(4)-Ni-N(ls) 	......... 172.83(15) N(1)-C(10)-C(1 1) 	...... 113.4(4) 
N(7)-Ni-0(14) 	......... 162.07(13) C(10)-C(1 1)-C(12) ...... 113.4(4) 
N(7)-Ni-0(19) 	......... 98.37(13) C(10)-C(1 1)-C(13) ...... 109.3(4) 
N(7)-Ni-N(ls) 	......... 96.69(15) C(10)-C(1 1)-0(14) ...... 106.2(4) 
0(14)-Ni-0(1 9) 	........ 98.40(12) C(12)-C(1 1)-C(13) ...... 108.9(4) 
0(14)-Ni-N(ls) 	........ 88.82(14) C(12)-C(1 1)-O(14) ...... 109.6(4) 
0(19)-Ni-N(ls) 	........ 92.78(14) C(13)-C(1 1)-O(14) ...... 109.4(4) 
Ni-N(1)-C(2) .......... 108.7(3) Ni-0(14)-C(11) 	........ 116.8(3) 
Ni-N(1)-C(9) .......... 103.8(3) Ni-0(14)-H(14) ........ 127.2(24) 
Ni-N(1)-C(10) 	......... 107.9(3) C(1 1)-O(14)-H(l4) 	..... 112.2(24) 
C(2)-N(l)-C(9) 	........ 111.6(3) N(4)-C(15)-C(16) 	...... 114.1(4) 
C(2)-N(1)-C(10) 	....... 113.9(3) C(15)-C(16)-C(17) ...... 113.7(4) 
C(9)-N(1)-C(10) 	....... 110.3(3) C(15)-C(16)-C(18) ...... 108.9(4) 
N(1)-C(2)-C(3) 	........ 112.1(4) C(15)-C(16)-0(19) ...... 105.9(4) 
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C(2)-C(3)-N(4) 	........ 110.5(4) C(17)-C(16)-C(18) ...... 108.6(4) 
Ni-N(4)-C(3) .......... 105.8(3) C(17)-C(16)-0(19) ...... 109.8(4) 
Ni-N(4)-C(5) .......... 109.9(3) C(18)-C(16)-0(19) ...... 109.8(4) 
Ni-N(4)-C(15) 	......... 106.6(3) Ni-0(19)-C(16) 	........ 118.4(3) 
C(3)-N(4)-C(5) 	........ 110.4(3) Ni-0(19)-H(19) ........ 126.7(24) 
C(3)-N(4)-C(15) 	....... 110.2(3) C(16)-0(19)-H(19) 	..... 112.4(24) 
C(5)-N(4)-C(15) 	....... 113.6(3) Ni-N(ls)-C(2s) 	........ 173.3(4) 
N(4)-C(5)-C(6) 	........ 112.4(4) N(ls)-C(2s)-C(3s) 	...... 178.7(5) 
C(5)-C(6)-N(7) 	........ 112.2(4) 
Table 4.11: Selected Torsion Angles () for INi 2(NCCH 3 12(L 1 0H4)JE4j2Q.. 
C(9)-N(1)-C(2)-C(3) 	. . . . -131.9(4) 
C(10)-N(1)-C(2)-C(3) . . . . 102.4(4) 
C(2)-N(1)-C(9)-C(8) 	. . . . 67.1(5) 
C(10)-N(1)-C(9)-C(8) . . . . -165.2(4) 
C(2)-N(1)-C(10)-C(11) . . . -74.0(5) 
C(9)-N(1)-C(10)-C(11) . . . 159.5(4) 
N(1)-C(2)-C(3)-N(4) 	. . . . 41.3(5) 
C(2)-C(3)-N(4)-C(5) 	. . . . 76.3(4) 
C(2)-C(3)-N(4)-C( 15) . . . . -157.5(4) 
C(3)-N(4)-C(5)-C(6) 	. . . . -131.6(4) 
C(15)-N(4)-C(5)-C(6) . . . . 104.0(4) 
C(3)-N(4)-C(15)-C(16) . . . 156.6(4) 
C(5)-N(4)-C(15)-C(16) . . . -78.9(5) 
N(4)-C(5)-C(6)-N(7) 	. . . . 41.7(5) 
C(5)-C(6)-N(7)-C(7) 	. . .. -166.3(4) 
C(5)-C(6)-N(7)-C(8) 	. . . . 70.0(5) 
C(6)-N(7)-C(7)-C(7') 	. . . . -54.8(5) 
C(8)-N(7)-C(7)-C(7') 	. . . . 69.5(4) 
C(6)-N(7)-C(8)-C(9) 	. . .. -134.7(4) 
C(7)-N(7)-C(8)-C(9) 	. . . . 102.2(4) 
N(7)-C(8)-C(9)-N(1) 	. . . . 50.5(5) 
N( 1 )-C( 1 0)-C( 11 )-C( 12) . . 94.4(5) 
N(1)-C(10)-C(1 1)-C(13) . . -143.9(4) 
N(1)-C(10)-C(11)-0(14) . . -26.0(5) 
C(10)-C(11)-0(14)-H(14) . -165.4(26) 
C(13)-C(1 1)-O(14)-H(14) . -47.6(26) 
N(4)-C(15)-C(16)-C(17) . . 93.1(5) 
N(4)-C(15)-C(16)-C(18) . . -145.6(4) 
N(4)-C(15)-C(16)-0(19) . . -27.5(5) 
C(15)-C(16)-0(19)-H(19) . - 163.8(26) 
C(17)-C(16)-0(19)-H(19) . 73.0(26) 
C(18)-C(16)-0(19)-H(19) . -46.4(27) 
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4.3 Conclusions. 
Reaction of 1 -formyl-4,7-bis-(2-hydroxy-2-methylpropyl)- 1 ,4,7-triazacyclo-
nonane (L2112) with Cu(II) in methanol affords a complex of general formula 
Na[Cu(L2H2)(NCCH3)](BF4)2(NO3). The amide group of L 2H2 is found to interact 
with both the Na and Cu centres in this complex, via the amide 0 and N atoms 
respectively. The interaction with the Cu(II) centre has been quantified by the 
deviation of the amide group from planarity by 27.1(4) 0. This is believed to be the 
first reported interaction of an amide N atom with a metal centre which has been 
confirmed by an X-ray structure determination. The overall structure of this complex 
is polymeric in nature with BF 4 ions bridging between Na ions. 
Reaction of 1 -benzy l-4,7-bis-(2-hydroxy-2-methylpropyl)- 1 ,4,7-triazacyclo-
nonane (L 6H2)with Cu(II) in ethanol affords a six-coordinate complex, with the 
macrocycle bound to the metal centre via 3 amine and 2 alcohol donors and the sixth 
coordination site filled by a water molecule. The crystal structure of this molecule 
shows H-bonding between the cation and nitrate counter-ions, and also shows the 
aromatic benzyl groups of adjacent cations to lie over each other at a distance of 
3.4A. However, this arrangement of cations in the solid state has been attributed to 
crystal-packing forces rather than it-t aromatic stacking. 
Reaction of Ni(II) with the potentially ten-coordinate ligand L 10H4 affords 
the binuclear complex [Ni2(NCCH3)2(L 10H4)](PF6)4.4H20. The coordination 
geometry at the metal centres is approximately octahedral and the two halves of the 
molecule are disposed away from each other in an anti configuration. This structure 
is similar to those reported of Co(II) and Zn(II) with L 10H4 . 
In the structures of the three complexes described above, the coordinated 
alcohols {and coordinated water in [Cu(L 6H2)(0H2)](NO3 )2 1 adopt a geometry 
which suggests that the 0 atom of the coordinated alcohol is sp 2 hybridised rather 
than sp 3 hybridised. 
148 
Chapter 4: Metal Complexes of Pendent Alcohol Ligands 
4.4 Experimental. 
4.4.1 Synthesis of Na[Cu(L2H2)(NCCH3)](BF4)2(NO3)  [L2H2 = 1 -formyl -4,7-bis-
(2-hydroxy-2-methylpropyl)-1 ,4,7-triazacyclononane]. 
1 -formyl-4,7-bis-(2-hydroxy-2-methylpropyl)- 1 ,4,7-triazacyclononane(L 2H2) 
(0.050g. 0.00016mol) and Cu(NO 3)2 .3H20 (0.038g, 0.00016mo1) were each dissolved 
in methanol (5cm 3) and the two solutions were mixed. This gave a colour change 
from pale to intense blue. Upon standing for several days, the solution evaporated to 
yield a blue glass. This was dissolved in the minimum volume of water, then NaBF 4 
(0.040g, 0.00036mo1) was added. No precipitate formed upon standing, therefore the 
water was removed in vacuo and the residue was recrystallised from diffusion of 
ether into an acetonitrile solution to afford blue crystals; (0.035g. 33.1%); Found: C, 
28.9: H, 6.01: N, 10.5%. C 17H34B2F8N506NaCu requires: C, 30.7: H, 5.12: N, 
10.4%; JR (KBr disc) 2977m, 1654s, 1474m, 1383s and 1028m cm; FAB-MS (3-
NOBA) no assignable peaks. 
4.4.2 Single Crystal X - Ray Structure of Na[Cu(L2H2)(NCCH3)](BF4)2(NO3). 
Deep-blue prisms of X-Ray quality were obtained by diffusion of ether into 
an acetonitrile solution of the complex. 
Crystal Data: 
C 17H34B2F8N5NaO6Cu, M = 664.52. Monoclinic, spacegroup P21 1a, a = 
9.6373(22),b = 30.814(12),c = 10.1042(22)A, 3 = 114.43(22) 0, V= 2732 A3 [from 
26 values of 25 reflections measured at ±(30 :5 20 :!~ 320), ). = 0.071073A, T = 
150K], Z = 4, D = 1.615gcm 3 . Crystal dimensions 0.58 x 0.42 x 0.17 mm, M(Mo-
Ka) = 0.909 mm4 , F(000) = 1364. 
Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, 6/20 scan mode using the learnt profile method. 
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Graphite-monochromated Mo-Ka  radiation: 3682 data collected (2emax = 450, .10 
:5 h :g9, 0 :g k :g 33, 0 :g 1 :g 10), 3449 unique data (Rt = 0.0000) giving 3239 with 
F> 4a(F). 3% crystal decay. An initial absorption correction was applied using ,-
scans (max. and mm. transmission factors 0.789 and 0.703 respectively). 
Structure Analysis and Refinement: 
The Cu atom was located from a Patterson synthesis, and the structure was 
then developed using iterative rounds of least-squares refinement on F 2 using 
SHELX-76. All non-H atoms were refined with anisotropic thermal parameters and 
all H atoms were fixed in calculated positions except H16 and H21 which were 
located and allowed to refine at a fixed distance of 0.96A. During refinement, the 
CH3 group of the CH 3CN molecule was found to be disordered by rotation around 
the C-C-N axis. This was modelled using two distinct, equally occupied orientations 
with restrained CH and H-H distances. At final convergence R[F 2! 40(F), 3239 data] 
= 0.0342, wR[F 2: 4o(F), 3239 data] = 0.0449, S[F2] = 1.037 for 376 parameters. The 
weighting scheme w 1 = 02(F) + 0.000035F2 gave satisfactory agreement analyses. 
The final difference Fourier synthesis contained no peak above +0.455 and no peak 
below -0.425 eA 3 . 
4.4.3 Synthesis of [Cu(L 6H2)(0H2)](NO3 )2 [L6H2 = 1-benzyl-4,7-bis-(2-hydroxy-
2-methyipropyl)- 1,4,7-triazacyclononane]. 
1 -benzy 1-4,7-b is-(2-hydroxy-2-methylpropyl)- 1 ,4,7-triazacyclononanL 6H2) 
(0.180g, 0.0005mol) and Cu(NO 3)2 .3H20 (0.108g. 0.00045mo1) were each dissolved 
in ethanol (3cm 3 ) and these solutions were mixed to give a deep blue solution. 
Evaporation of this solution over several days afforded blue crystals, which could be 
recrystallised from hot CH 202 ; (0.209g. 81.6%); Found: C, 44.4: H, 8.04: N, 12.2%. 
C21 H39CuN509  requires: C, 44.3:, H, 6.86: N, 12.3%; FAB-MS (3-NOBA) m/z 425 
= Cu(L6H2), 488 = Cu(L6H2)(NO3 ), 550 = Cu(L6H2)(NO3)2 . 
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4.4.4 Single Crystal X-Ray Structure of [Cu(L6H2)(0H2)](NO3)2 [L6H2 = 1-
benzyl-4,7-bis-(2-hydroxy-2-methylpropyl)-1,4,7-triazacyclononane]. 
Crystal Data: 
C21 H39CuN509, M = 569.11. Monoclinic, spacegroup C21c, a = 17.863(5), 
b = 10. 114(3), c =30.685(8)A, 3 = 109.37(3)0, V = 5230 A3 [from 20 values of 34 
reflections measured at ±cL)(23 20 ~ 320), A = 0.071073A, T = 260K], Z = 8, D 
= 1.446gcm 3 . Crystal dimensions 0.40 x 0.15 x 0.12 mm, .t(MoKa) = 0.890 mm-l '  
F(000) = 2408. 
Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, &20 scan mode using the learnt profile method. 
Graphite-monochromated MoKa radiation: 4227 data collected 20max 
= 450, 19 
:g h :g 18, 0 :g k :g 10, 0 :g 1 ~ 33), 3366 unique data (Rt = 0.0770) giving 3314 
with F> 4o(F). 4% crystal decay. An initial absorption correction was applied using 
*-scans (max. and mm. transmission factors 0.867 and 0.794 respectively). 
Structure Analysis and Refinement: 
The structure was solved by direct methods using SIR-92 and refined using 
CRYSTALS. During refinement, one of the nitrate ions was found to be disordered 
due to tilting of the 0 3  plane about the N atom. This was modelled by restraining the 
N and 0 atoms to lie on a plane and refining two distinct orientations of the 0 atoms. 
All non-H atoms were refined with anisotropic thermal parameters and all H atoms 
were fixed in calculated positions, except those on the water molecule. These were 
located and then allowed to refine with restraints on the OH distances and HOH 
angle. The final cycles of least-squares were performed against F 2 using SHELXL-93. 
At final convergence R[F 2t 4a(F), 2526 data] = 0.0607, wR[F2, all data] = 0.0163, 
S[F2] = 1.073 for 363 parameters. The weighting scheme w 4 = [02(F02) + (0.050P)2 
+ 78.3P], P = 1/3[MAX(F02, 0) + 2F 2] gave satisfactory agreement analyses. The 
final difference Fourier synthesis contained no peak above +0.88 and no peak below 
-0.96 eA 3 . 
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4.4.5 Synthesis of 1 ,2-bis-(1,4,7-triaza-1-cyclononyl)ethane. 
1 ,2-dibromoethane 	(5 .75g, 	0.0275mol) 	and 	1 ,4,7-triazatricyclo- 
[5.2.1 .o4.1 °]decane (L1 A)  (7.5g, 0.055mo1) were stirred in acetonitrile (25cm 3) for 
24 hours at room temperature. A yellow precipitate was collected, dissolved in water 
(30cm3) and the solution was refluxed for 4 hours. Sodium hydroxide (6.25g, 
0.156mo1) was added and the solution was refluxed for a further 4 hours. Toluene 
(150cm3 ) was then added and a Dean and Stark trap was attached to the flask. The 
mixture was refluxed for 20 hours to remove all traces of water from the product, 
then the toluene was decanted, filtered and concentrated in vacuo to yield the product 
as a yellow oil; (5.61g. 71.8%); 1 H NMR (200.13 MHz, CDCI 3) ö = 2.41-2.65 (8H, 
m, Cj2  ring), 2.54 (2H, s, Cjj2 link) and 2.59 (4H, s, Cu2 ring); 13C NMR (50.32 
MHz, CDC1 3) ô = 45.96, 46.19, 52.76 and 55.73 (H2); Found: C, 59.6: H, 11.3: N, 
29.5%. C 14H32N6 requires C, 59.1: H, 11.1: N, 29.3%. 
4.4.6 Synthesis of 4,4',7,7'-tetrakis-(2-hydroxy-2-methYl propyl) [1,2-bis-(1,4,7-
triaza-1-cyclononyl)ethane]. 
1,2-B is-( 1 ,4,7-triaza- 1 -cyclononyl)ethane (2.84g, 0.01 mol) was dissolved in 
ethanol (10cm3), along with isobutylene oxide (5.76g, 0.08mol). The flask was sealed 
and the solution was allowed to stand for 10 days. The solvent was then removed in 
vacuo to yield the product as a yellow oil; (5.72g. 100%); 1 H NMR (200.13 MHz, 
CDCI3) ô = 1.11 (12H, s, CH3), 2.48 (4H, br s, Cl2),  2.60 (2H, br s, CU2  link), 
2.75 (4H, br s, CU2) and 2.85 (4H, br s, Cl2);  13C NMR (50.32 MHz, CDCI 3) 8 
= 28.08 (.H3), 57.09, 58.44, 59.29, 60.35, 71.25 (H2) and 69.89 [(CH3)2OH]; 
Found: C, 64.1: H, 11.0: N, 14.9%. C 30H64N604 requires: C, 62.9: H, 11.2, N, 
14.7%. 
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4.4.7 Synthesis of[Ni2(N CCH3)2(L10H4)](PF6)4.4H20 { LH = 4,4',7,7 1-tetrakis-
(2-hydroxy-2-methyl propyl)[1,2-bis-(1 ,4,7-triaza-1-cyclononyl)ethane] }. 
Ni(NO3)2 .6H20 (0.203g, 0.00070mol) and L 10H4 (0.200g, 0.00035mo1) were 
each dissolved in ethanol (10cm 3) and the two solutions were mixed. Upon standing 
for several days, a blue precipitate formed, which was filtered off and redissolved in 
the minimum volume of water. Addition of NH 4PF6 (0.114g. 0.00070mol) afforded 
a blue solid, which could be recrystallised by evaporation of an acetonitrile - water 
mixture; (0.227g, 45.5%); Found: C, 27.5: H, 6.49: N, 7.73%. 
C34H78F24N8Ni2O8P4 requires: C, 28.7: H, 5.48: N, 7.86%; JR (KBr disc) 2977w, 
2922w, 2426w, 1467m, 1315m and 862s cm-1; FAB-MS (3-NOBA) mlz 686 = 
[Ni2(L 10H4)]; UV/vis 'max max = 352(39), 559(24) and 967(46) nm (dm 3moV 
cm). 
4.4.8 	Single Crystal X-Ray Structure of [Ni 2(NCCH3 )2(L10H4)](PF6)4 .4H20 
{ L°H = 4,4',7,7'-tetrakis-(2-hydroxy-2-methyl propyl) [1,2-bis-(1,4,7-triaza- 1- 
cyclononyl)ethanel }. 
Crystals suitable for X-Ray analysis were obtained by the slow evaporation 
of a solution of the complex in an acetonitrile - water mixture. 
Crystal Data: 
C34H78F24N8Ni2O8P4, M = 1424.28. Orthorhombic, spacegroup Pcab, a = 
15.1656(15), b = 18.353(3), c = 20.539(3)A, V = 5716 A 3 [from 20 values of 35 
reflections measured at ±(30 :g 20 :5 320), ). = 0.071073A, T = 150K], Z = 4, D 
= 1.655gcm 3 . Crystal dimensions 0.48 x 0.32 x 0.32 mm, J1(MoKc) = 0.888 mm -1 , 
F(000) = 2712. 
Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosystems low-temperature device, I20 scan mode using the learnt profile method. 
153 
Chapter 4: Metal Complexes of Pendent Alcohol Ligands 
Graphite-monochromated Mo-Ka radiation: 5390 data collected 20max = 450, 0 ~ 
h :g 16, 0 ~ k :5 19, 0 :g I :5 22), 3421 unique data (Rt = 0.0100) giving 2729 with 
F> 4o(F). No crystal decay, no absorption correction. 
Structure Analysis and Refinement: 
The nickel atom was located from a Patterson synthesis, and the structure was 
then developed using iterative rounds of least-squares refinement on F 2 using 
SHELX-76. Non-H atoms were refined with anisotropic thermal parameters and all 
H atoms were fixed in calculated positions, except those attached to 0(14), 0(19), 
0(1w) and 0(2w). These were located and allowed to refine at a fixed distance from 
the 0 atom. At final convergence REF ~! 4o(F), 2729 data] = 0.0392, wR[F 2t 40(F), 
2729 data] = 0.0441, S[F2] = 1.249 for 382 parameters. The weighting scheme w 4 
= 
 
02(F) + 0.000186F2  gave satisfactory agreement analyses. The final difference 
Fourier synthesis contained no peak above +0.738 and no peak below -0.485 eA 3 . 
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Pd(II) and Ni(II) Complexes of 
1 -Benzyl- 1 ,4,7-triazacyclononane. 
Chapter 5: Complexes of I -Benzyl-  1,4, 7-triazacyclononane 
5.1 	Introduction. 
5.1.1 General Introduction. 
This chapter is devoted to the synthesis of complexes of 1-benzyl-1,4,7-triaza-
cyclononane (0) and 4-(hexyloxy)-4'- [(1,4,7-triaza- 1 -cyclononyl)methyl] biphenyl 
(0), shown in Figure 5.1. The high-yielding synthesis of each of these ligands has 
been described previously in Chapter 2. L 8 has been designed as a ligand for the 
synthesis of complexes which may potentially exhibit mesogenic behaviour. A brief 
description of liquid crystals and their properties is given below as an introduction 
to this topic. 
— NJ  
L8 
HN 	N 
L5 	 —NJ N 
H 
Figure 5.1: The Ligands L8 and L5 Derived From [9]aneN3. 
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5.1.2 Liquid Crystals. 
The term liquid crystal or mesophase is used to describe the state of matter 
which is intermediate between the solid and liquid states 204 '205 . Such mesophases 
exhibit some of the properties of liquids (eg. fluidity), whilst maintaining some of the 
properties of solids (eg. short range order and anisotropy). This results in a class of 
molecules that have specific properties and which have found many uses, such as 
accurate thermometers 206'207 and liquid crystal displays 208 '209 (LCD's). 
Figure 5.2 illustrates how liquid crystals are broken down into different classes 
according to their different properties. Thermotropic liquid crystals 210'21 ' change 
phase with temperature, whilst lyotropic phases 212 are created by interaction with a 
solvent. Thermotropics break down into calamitic (rod-like) and discotic (disc-like), 
depending upon the shape of the molecule in question. The final categories, nematic, 
smectic and cholesteric are due to the degree of order and the orientation of the 
molecules in the calamitic mesophase 213 '214. Nematic phases are the least ordered 
and most fluid phases. 
Liquid Crystals 
/\ 
Thermotropic 	 Lyotropic 
/\ 
Discotic 	 Calamitic 
/\ 
Nematic 	.Smectic Cholesteric 
Figure 5.2: 	The Different Types of Liquid Crystal. 
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A representation of the phase structure of a nematic liquid crystal is presented 
in Figure 5.3. The phase is fluid, since the molecules are free to move in all 
directions . However, the molecules are parallel to each other, and are thus only able 
to rotate along their longitudinal axis. This order is only apparent over a short range, 
but does impart certain physical properties upon the mesophase which are more 
characteristic of the solid phase rather than the liquid phase. One property is 
birefringence204  - the presence of two different, direction dependent refractive 
indices. This can be viewed experimentally by polarisation microscopy, where the 
sample is placed between two perpendicular polaroid filters on a variable temperature 
stage. Anisotropy in the sample creates a phase difference in the light, resulting in 
interference colours, which can be seen through the microscope. Transitions between 
different phases upon heating are represented by different coloured textures. Further 
confirmation and assignment of mesophase behaviour requires the use of differential 
scanning calorimetry and low-angle X-ray scattering. 
Figure 5.3: A Representation of the Structure of a Nematic Liquid Crystal. 
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5.1.3 Liquid Crystals Containing Metal Ions. 
Transition metals have a range of properties which are not shared by many of 
the main-group elements 193 . They tend to be coloured, can have unpaired electrons, 
have more polarisable electron density and have a wider range of coordination 
geometries than the p-block elements. Therefore, incorporation of metal ions into 
liquid crystals should increase the range of physical properties exhibited by such 
mesophases. The term 'metal lomeso gen' has been introduced to describe liquid 
crystals containing metal-ions. Much work has been reported on discotic (disc-like) 
metallomesogens215 , particularly with systems based upon functionalised porphyrins 
and phthalocyanines. However, the present discussion is limited to calamitic (rod-like) 
metallomesogens, which have recently been reviewed by Hudson and Maitlis21 6 
Compounds which exhibit calamitic mesophase behaviour are normally long 
and rod-like, with a rigid core and with flexible alkyl tail groups. The rigid core is 
commonly comprised of phenyl or biphenyl groups. The forces which hold 
thermotropic mesophases together are normally dipole-dipole and dispersion forces, 
since stronger or weaker intermolecular forces tend to destroy liquid crystalline 
behaviour. 
Figures 5.4, 5.5 and 5.6 illustrate three examples of calamitic metallomesogens 
which have been prepared, containing Ni(II) and Pd(II) ions. The mesogenic Ni(II) 
species illustrated in Figure 5.4 was initially prepared in 1977, and was the first 
example of a calamitic metallomesogen containing nickel 217 . Figure 5.5 shows a 
range of dithiobenzoate complexes of Pd(II) which exhibit smectic and nematic 
phases above 2000C, depending upon the alkyl chain length218'219. The single 
crystal X-ray structure of the n-octyl derivative of this series (palladium bis[4- (n-
octyloxy)dithiobenzoate] } is shown in Figure 5.7. 
Figure 5.6 illustrates a series of metallomesogens which have been prepared 
with substituted cyanobiphenyl ligands complexed to Pd(II). The birefringence of the 
trans-dichloro Pd(II) complexes with these ligands has been shown to be enhanced 
by the presence of the Pd(II) centre 220'221 . 
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Figure 5.4: 	A Metallomesogen Containing Ni(II) with a Dithiolene Ligand. 
C flH2 fl+I O ©(/Pd\)© 0Cnh12n+l  
Figure 5.5: 	A Metallomesogen Containing Pd(II) with a Dithiobenzoate Ligand. 
C' 
CN—Pd N C 
C' 
R = CH 21 , OCH2+1  (n = 1-12) 
Figure 5.6: 	A Trans-dichloro Pd(II) Metallomesogen Containing a Substituted 
Cyanobiphenyl Ligand 
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P 
Figure 5.7: The Crystal Structure of Palladium bis [4-(n-octyloxy)dithiobenzoate]. 
The three metallomesogens illustrated in Figures 5.4-5.6 all share one 
important property; anionic ligands result in these compounds being neutral. This 
avoids the problem of choice of counter-ion, which can complicate the mesophase 
behaviour. The majority of reported calamitic metallomesogens are indeed neutral, 
with a wide range of anionic ligands being used. Such ligands include 
salicylaldimines222, salicylaldehydes 223 and -diketonates224. A significant 
proportion of the reported mesogenic Pd(II) complexes have Pd-C bonds, such as the 
cyclopalladated azobenzenes 225 , cyclopalladated arylimines 226  and cyclopalladated 
phenylpyrimidines227  which have been reported. 
A range of cationic metallomesogens has been reported with two stilbazole 
ligands coordinated to a Ag(I) centre in a linear fashion 228230. Figure 5.8 illustrates 
a series of such compounds, which have been prepared with a range of alkyl chain 
lengths and a range of counter-ions. The choice of counter-ion has been shown to 
affect the mesophase behaviour profoundly. The BF 4 and NO3- complexes exhibit 
smectic phases at high temperatures, whilst C 8H 170S03 (octyl sulphate) and 
C 12H250S03  (dodecyl sulphate) complexes show a greater tendency to form 
nematic phases at significantly lower temperatures. The lowering of the melting 
points in the alkyl sulphate complexes has been attributed to the alkyl chains of the 
counter-ions reducing intermolecular interactions between the aromatic rings. 
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CnH2n+iO + 
Figure 5.8: A Cationic Metallomesogen Containing Ag(I). 
5.1.4 Incorporating Macrocycles into Metallomesogens. 
The phase transition temperatures of metal-containing liquid crystals are 
usually high, and can be accompanied by decomposition or rearrangement reactions. 
For example, the dithiobenzoate complexes described in Section 5.1.3 can undergo 
rearrangement at high temperatures to yield trithiobenzoate complexes 231 , as 
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Figure 5.9: Rearrangement of Ni(II) Dithiobenzoates at High Temperature. 
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The incorporation of macrocyclic ligands into metallomesogens should confer 
kinetic and thermodynamic stability upon complexes, avoiding problems such as 
decomposition or rearrangement (as outlined in Figure 5.9). The use of macrocycles 
to stabilise unusual oxidation states and strained coordination geometries has been 
introduced previously (Chapter 1), and these features could also be incorporated into 
metallomesogens. 
Almost all reported macrocyclic liquid crystals are discotic systems, based 
upon functionalised phthalocyanines and porphyrins 215 . A large number of such 
systems have been reported, with a range of d-block, f-block and main-group metals. 
Many of these systems also exhibit mesophase behaviour in the absence of 
metal-ions. The coordination geometry of the metal-ions in reported systems is always 
square planar, although stacking of these systems can be accompanied by axial 
interactions between the metals. 
Figure 5.10 illustrates a typical Cu-phthalocyanine complex, which exhibits 
a stable mesophase between 53 and ca. 300°C; X-ray data indicates that the 
macrocycles are stacked in columns at a distance of 4.5A with the columns ca. 31A 
apart232 . 
Figure 5.10: A Phthalocyanine-Based Discotic Metallomesogen. 
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A calamitic macrocyclic metallomesogen has recently been reported by Neve 
and Ghedini 233 , which is illustrated in Figure 5.11. This is based upon a 
functionalised [18]aneN 2S4  macrocycle with dodecyloxybenzamide groups attached 
to both amine functions. Complexes of this ligand with Pd(II) exhibit smectic 
mesophases between 140 and 188 0C, although the free ligand itself shows no 
mesophase behaviour. The mesophase behaviour is attributed to a stiffening of the 
overall molecule upon complexation of the metal. 




0 S\  / S r__\ 	0 
\Q 
0 	 SS 
OC l2 1 25 
Figure 5.11: A Calamitic Metallomesogen Derived From {I8JaneN 2S4 . 
There are two areas in the field of metallomesogen chemistry which show 
potential for further development; the incorporation of macrocycles into calamitic 
(rather than discotic) metallomesogens and the incorporation of metal-ions with 
octahedral coordination geometries into metal lomesogens. Only one metallomesogen 
with a presumed octahedral coordination geometry has been reported 234, although 
the structure of this species [a tris- -diketonate complex of Fe(III)] has yet to be 
confirmed. The absence of octahedral geometries in metallomesogens may be due to 
a rupturing of the overall rod-like shape of the resultant molecules. The incorporation 
of octahedrally coordinated metal-ions into mesophases would open up a wide range 
of new materials which could be prepared. 
L8  was designed to potentially fulfil the two roles described above. The 
coordination chemistry of [9]aneN3  has been well established with a wide range of 
metal-ions236237 . [9]aneN3 can coordinate in an octahedral fashion to metals such 
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as Ni(II), Cu(II) and Pt(IV), or can coordinate in a square planar fashion to metals 
such as Pd(II) and Pt(II). Characterisation of complexes of L 8 by X-ray 
crystallographic means may be hampered by difficulties in obtaining single crystals, 
since incorporation of alkyloxy groups into complexes tends to make crystal growth 
difficult216. Therefore, complexes of the analogous ligand L 5 may serve as models 
for the coordination geometry of the metal centres in complexes of L 8 . It was decided 
to initially prepare complexes of L 5 with Pd(II) and Ni(II), to ascertain how L 5 (and 
L8 ) will coordinate to metals which have different stereochemical preferences. 
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5.2 Results and Discussion. 
5.2.1 [Pd(L5 )2](PF6)2 (L5 = 1-benzyl-1,4,7-triazacyclononane). 
Reaction of Pd(OAc) 2 with 2 equivalents of L 5, followed by addition of 
NH4PF6 affords a yellow solid. The IR spectrum of this solid indicated the presence 
of L5 ligand and PF6 counter-ion. Mass spectrometry and analysis confirmed the 
assignment of this material as [Pd(L 5 )2](PF6)2 . The structure and physical properties 
of this material are of interest to compare with those of [Pd([9] aneN3 )2] 2+. 
The coordination chemistry of [9]aneN 3 with Pd(II) and Pd(III) has been 
established independently by both Schröder 165 and McAuley 166 ' 167 . The single 
crystal X-ray structures of [Pd([9]aneN 3 )2] 2 and [Pd([9]aneN3 )2] 3 have been 
reported and have been shown earlier in Chapter 3 (Figures 3.20 and 3.24). The facile 
oxidation (0.070V vs Fc/Fc) from square planar Pd(II) to tetragonally distorted 
octahedral Pd(III) has been attributed to the ready availability of the non-interacting 
lone-pairs of the facially-capping macrocycle, as can be seen from these structures. 
Variable temperature NMR spectroscopy has also shown that the [9]aneN 3 ligand is 
fluxional in the [Pd([9]aneN 3)2] 2 complex 166, and this has been attributed to the 
pseudo inner-sphere coordination of the non-coordinated nitrogen donors. 
The greater steric bulk of L 5 in comparison to [9]aneN 3 should have 
important consequences for the coordination of L 5 to Pd(II) and also for the ability 
of L5 to stabilise a Pd(III) species. The 13C NMR spectrum of [Pd(L5)2](PF6)2 is 
presented in Figure 5.12. When compared with the 13C NMR of the free L5 ligand 
(Figure 2.27), it can be seen the symmetry of the ligand has been maintained upon 
complexation to the Pd(II) centre. Only three signals are observed for the ring carbon 
atoms, which implies that L5 is bound to the Pd(II) centre via the two secondary 
amines, with the benzyl amine not interacting with the metal centre. In order to 
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5.2.2 Single Crystal X-Ray Structure of [Pd(L 5 ) 2](PF6)2 .2CH3CN. 
Pale yellow blocks of X-ray quality were obtained by the diffusion of ether 
into an CH3CN solution of the complex at -20 0C. Details of the structure solution 
and refinement are given in the experimental section. Selected bond lengths, angles 
and torsions are given in Tables 5.1-5.3, and a view of the cation is shown in Figure 
5.13 The Pd(II) atom lies on an inversion centre and the ligands are bound to the 
metal via two amine donors N(4) and N(7) at distances of 2.0588(19) and 
2.0605( 19)A respectively. 
The macrocycle adopts a [234] conformation, with the non-interacting benzyl 
amine [N(1)] found at a distance of 3.402(4)A from the metal centre. The structure 
also contains two CH 3CN solvate molecules per cation. A view of the packing 
diagram is shown in Figure 5.14. The aromatic rings are not involved in any 7t-
stacking interactions. The structure of [Pd(L 5 )2](PF6)2 is thus very similar to that 
reported previously 166  for {Pd([9]aneN3)2](PF6)2  (see Figure 3.20). In both 
structures the non-interacting amines of the macrocycles are more than 3.4A from the 
metal centre. 
Table 5.1: 	Selected Bond Lengths (A) for 1Pd(L 5)2J1EI2 
Pd-N(4) 	............. 2.0588(19) 
Pd-N(7) 	............. 2.0605(19) 
N(1)-C(2) 	............ 1.450(3) 
N(1)-C(9) 	............ 1.449(3) 
N(1)-C(10) 	........... 1.458(3) 
C(2)-C(3) 	............ 1.526(3) 
C(3)-N(4) 	............ 1.505(3) 
N(4)-C(5) 	............ 1.501(3) 
C(5)-C(6) 	............ 1.513(3) 
C(6)-N(7) 	............ 1.511(3) 
N(7)-C(8) 	............ 1.498(3) 
C(8)-C(9) 	............ 1.521(3) 
C(10)-C(11) 	.......... 1.524(3) 
C(11)-C(12) 	.......... 1.395(3) 
C(11)-C(16) 	.......... 1.380(3) 
C(12)-C(13) 	.......... 1.380(4) 
C(13)-C(14) 	.......... 1.384(4) 
C(14)-C(15) 	.......... 1.384(4) 
C(15)-C(16) 	.......... 1.388(4) 
P-F(1) 	.............. 1.6071(17) 
P-F(2) 	.............. 1.5986(17) 
P-F(3) 	.............. 1.5947(18) 
P-F(4) 	.............. 1.5809(19) 
P-F(5) 	.............. 1.5877(19) 
P-F(6) 	.............. 1.5817(20) 
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Table 5.2: 	Selected Bond Angles (°) for 1Pd(L 5 )21(PF6 12 
N(4)-Pd-N(7) 	......... 83.49(7) C(6)-N(7)-C(8) 	........ 111.84(17) 
C(2)-N(l)-C(9) 	........ 120.37(19) N(7)-C(8)-C(9) 	........ 112.45(19) 
C(2)-N(l)-C(10) 	....... 116.22(19) N(1)-C(9)-C(8) 	........ 113.58(19) 
C(9)-N(l)-C(10) 	....... 118.42(19) N(1)-C(10)-C(1 1) 	...... 114.78(19) 
N(1)-C(2)-C(3) 	........ 115.02(19) C(10)-C(11)-C(12) ...... 118.75(21) 
C(2)-C(3)-N(4) 	........ 115.02(18) C( 1 0)-C( 11 )-C( 16) ...... 122.83(21) 
Pd-N(4)-C(3) 	......... 116.87(14) C(12)-C(11)-C(16) ...... 118.42(22) 
Pd-N(4)-C(5) 	......... 103.59(13) C(1 1)-C(12)-C(13) ...... 120.72(23) 
C(3)-N(4)-C(5) 	........ 114.37(17) C(12)-C(13)-C(14) ...... 120.32(23) 
N(4)-C(5)-C(6) 	........ 108.64(18) C(13)-C(14)-C(15) ...... 119.55(23) 
C(5)-C(6)-N(7) 	........ 109.81(18) C(14)-C(15)-C(16) ...... 119.83(23) 
Pd-N(7)-C(6) 	......... 110.10(13) C(1 1)-C(16)-C(15) ...... 121.14(23) 
Pd-N(7)-C(8) 	......... 114.08(14) 
Table 5.3: 	Selected Torsion Angles (°) for FPd(L 5 21(PF6 12 
C(9)-N( 1 )-C(2)-C(3) 	. . . . -113.72(23) N(7)-C(8)-C(9)-N(l) 	. . . . -53.0(3) 
C( 1 0)-N( 1 )-C(2)-C(3) . . . . 91.66(24) N( 1 )-C( 1 0)-C( 11 )-C( 12) . . -147.13(22) 
C(2)-N(1)-C(9)-C(8) 	. . . . 110.45(23) N(1)-C( 10)-C( 1 1)-C(16) . . 33.0(3) 
C(10)-N(1)-C(9)-C(8) . . . . -95.48(24) C(10)-C(1 1)-C(12)-C(13) 	. 180.00(22) 
C(2)-N(1)-C(10)-C(1 1) . . . 58.4(3) C(16)-C(1 1)-C(12)-C(13) 	. -0.2(4) 
C(9)-N(1)-C(10)-C(1 1) . . . -96.70(24) C(10)-C(1 1)-C(16)-C(15) 	. -178.94(23) 
N( 1 )-C(2)-C(3)-N(4) 	. . . . 70.1(3) C( 1 2)-C( 1I)-C(16)-C( 15) 	. 1.2(4) 
C(2)-C(3)-N(4)-C(5) 	. . . . -107.05(22) C( 11 )-C( 1 2)-C( 1 3)-C( 14) 	. -0.5(4) 
C(3)-N(4)-C(5)-C(6) 	... . . 75.69(22) C(12)-C(13)-C(14)-C(15) 	. 0.2(4) 
N(4)-C(5)-C(6)-N(7) 	. . . . 46.30(23) C(13)-C(14)-C(15)-C(16) 	. 0.8(4) 
C(5)-C(6)-N(7)-C(8) 	. . . . - 144.20(19) C( 1 4)-C( 1 5)-C( 1 6)-C( 11) 	. -1.6(4) 
C(6)-N(7)-C(8)-C(9) 	. . . . 85.78(22) 
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Figure 5.13: A View of the Cation in [Pd(L 5 )2](PF6)2 . 
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Figure 5.14: A View of the Packing Diagram for [Pd(L 5 )2](PF6)2 . 
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5.2.3 Electrochemical Study of [Pd(L 5)2](PF6)2. 
The ability of [9]aneN3  to stabilise the higher oxidation states of palladium 
has been introduced previously (Section 3.2.9). This has been attributed to the ready 
availability of the extra amine donors to bind to the metal and meet the steric 
requirements of the Pd(III) or Pd(IV) centre. Thus, the Pd(II)/(III) couple of 0.070V 
(vs Fc/Fc) for [Pd([9]aneN3)2]2  represents a particularly accessible potential 165 . 
Cyclic voltammetry was performed upon [Pd(L 5)2](PF6)2 in CH3CN/0.1M 
'Bu4NBF4 at 298K, over the range -2.4 to +1.1V (vs FcIFc). A fully reversible 
oxidation was observed at E 112 = +0.360V (vs FcIFc+  at a scan rate of 0.10Vs), 
with a AE value of 0.088V (Figure 5.15). When performed at 260K, the anodic 
wave was seen to diminish slightly (although not the cathodic wave), perhaps 
indicative that this oxidation involves a significant structural rearrangement. 
Coulometry confirmed that this process was a one electron oxidation to Pd(III), which 
afforded a colour change from pale yellow to deep red. The cyclic voltammetry was 
found to be identical when carried out upon the electrogenerated sample, giving 
further indication that the oxidation is reversible. A second irreversible process was 
also observed at ca. +0.85V (vs Fc/Fc+),  however this oxidation [presumably to 
Pd(IV)] was obscured by the solvent front. 
The [Pd(L5)2] 2 '3 couple is thus 0.290V less accessible than the 
[Pd([9]aneN3)2] 2"3  couple. Upon oxidation from Pd(II) to Pd(III), one would 
expect the metal-ion to contract and the steric requirements to change from square 
planar to octahedral. It seems unlikely that the poorer ability of L 5 to stabilise the 
Pd(III) species is due to an electronic effect, since the axial tertiary benzyl amine of 
L5 should be more basic than the axial secondary amine of [9]aneN3.  The more 
anodic Pd(II)/(III) couple of [Pd(L 5)2] 2  has therefore been attributed to the greater 
steric bulk of the benzyl group, which inhibits the axial amines from fully 
approaching the metal centre upon oxidation. This is illustrated diagrammatically in 
Figure 5.16. 
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Figure 5.15: The Cyclic Voltammogram of [Pd(L 5 )2](PF6) 2 (vs. Ag/AgC1). 
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Figure 5.16: The Structural Changes Undergone by [Pd(L 5)2 ] 2 Upon Oxidation. 
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5.2.4 EPR Study on [Pd(L 5 )21 3t 
Any structural differences between the coordination geometries of 
[Pd([9]aneN3)2] 3  and [Pd(L5 )2] 3 should be reflected in the EPR spectra of the two 
species. The EPR spectrum of [Pd([9]aneN3)J3,  which has been reported by both 
Schr6der 165 and McAuley 167, exhibits an axial signal with similar values for 
(2.007) and g (2.123). No hyperfine coupling to 105Pd is observed, although 
super-hyperfine coupling from two N donors is observed in the axial component, 
giving a quintet (ratio 1:2:3:2:1), with an A 11 value of 27G. This is consistent with 
the tetragonal distortion which is observed in the crystal structure of 
[Pd([9]aneN3)2] 3 , with Pd-N bond lengths of 2.111(9), 2.118(9) and 2.180(9)A. 
McAuley has also suggested that the unpaired electron is essentially metal-based, in 
contrast to Pd(III) compexes with S-donors, where there can be extensive 
delocalisation of the unpaired electron onto the ligands 167 . 
The EPR spectrum of [Pd(L5)2]3+,  which was run on an electrogenerated 
sample, is presented in Figure 5.17. The spectrum is broad (probably due to 
unresolved hyperfine and super-hyperfine coupling), but exhibits an axial signal, with 
g 11 = 2.007 and g1  = 2.117. Super-hyperfine coupling is observed to two N-donors 
(1:2:3:2:1 quintet) in the axial component, with A 26.9G. This data is almost 
identical with that reported for [Pd([9]aneN3)2]3,  the only real difference being that 
the super-hyperfine coupling to the axial N donors is better resolved in the 
[Pd(L5 )2] 3  species. 
It can be concluded, therefore, that the [Pd(L5)2]2+  complex adopts a 
tetragonally elongated octahedral coordination geometry upon oxidation to 
[Pd(L5 )2] 3 . 
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100 G 
Figure 5.17: The X-Band EPR Spectrum of [Pd([9]aneN3)2] 3 . 
5.2.5 Reaction of Ni(II) With 1 -Benzyl- 1,4,7-triazacyclononane (L5 ). 
The reaction of Ni(II) with L 5 is of interest, to compare the difference 
between the complexation behaviour of L 5 and that of [9]aneN3.  The structure of 
[Ni([9]aneN 3 )2] 2  has been reported 169,170, showing a Ni-N bond length of 2.IOA. 
Hancock has suggested 235  that the ideal M-N bond length in complexes of the type 
[M([9]aneN3)2]" is of the order 2.08A. Shorter M-N bond lengths result in 
unfavourable steric interactions between the macrocyclic rings (Figure 5.18), whilst 
longer M-N bond lengths reduce the strength of the metal-ligand interaction. Thus, 
the Ni-N bond length in [Ni([9]aneN3)2] 2  is very close to the optimal value. 
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The introduction of a benzyl substituent onto [9]aneN3 should alter 
significantly the steric bulk of the ligand and therefore affect the interaction of the 
ligand with the metal centre. An example of this can be seen with the ligand 1,4,7-
trimethyl-1,4,7-triazacyclononane (Me 3 [9]aneN3). No sandwich complexes of the type 
[M(Me3[9]aneN3)2]' have been reported, and this has been attributed to the steric 
bulk of the trimethylated macrocycle 236238 . 
Figure 5.18: The Minimum Strain-Energy Configuration of [Ni([9]aneN3)2] 2 . 
176 
Chapter 5: Complexes of 1-B enzy 1-1,4, 7-triazacy clononane 
5.2.6 [Ni(L5 )2]X2 (L5 = 1-benzyl-1,4,7-triazacyclononane) (X = PF6/BF4/BPh4 ). 
Reaction of Ni(NO 3 )2 .6H20 with 2 equivalents of L 5 in ethanol affords a 
pink precipitate. This is soluble in water and upon addition of counter-ion (NH 4PF6. 
NaBF4 or NaBPh4) a pink precipitate is formed. Addition of acetone causes this 
solution to clear, and upon evaporation pink needles were formed with all three 
counter-ions. The mass spectrum of all three materials exhibited peaks which could 
be assigned as [Ni(L5)2] and [Ni(L5)2X] and CHN microanalysis confirmed the 
assignment of the products as [Ni(L 5)2]X2 (X = PF6, BF4 or BPh4 ). 
[Ni (L5)2JX2 Found(%). Calculated(%). 
X = BF4 C: 47.0 C: 46.5 
H: 6.66 H: 6.31 
N: 12.4 N: 12.5 
X = PF6 C: 38.8 C: 39.7 
H: 5.71 H: 5.38 
N: 10.7 N: 10.7 
X = BPh4 C: 75.7 C: 78.3 
H: 7.66 H: 7.23 
N: 6.41 N: 7.41 
The UV/vis absorption spectrum of {Ni(L 5 )21(PF6)2 in CH3CN exhibits three 
absorption maxima at 10408 (e = 11), 11904 (sh), 18798 (e = 6) and 25641 (e = 18) 
cm-1 (dm3moV cm), which is consistent with octahedral coordination geometry at 
Ni(II). The shoulder on the low-energy ( 3A2g - 3T2g) band is attributed to the spin-
forbidden 3A2g E2g  transition. The absorption spectrum of [Ni(L 5 )2](PF6)2 is 
thus similar to the absorption data reported by Yang and Zompa 169 for the 
[Ni([9]aneN3)2} 2  complex, which exhibits maxima at 11500 (sh), 12500 (e = 9), 
20000 (€ = 9) and 32300 (€ = 12)cm (dm 3moVcm). The value of lODq of 
10408cm for [Ni(L5 )2](PF6)2 (taken from the lowest energy transition) is 
significantly smaller than the value of 12500cm 4 reported for the [Ni([9]aneN 3 )2] 2 
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complex. This suggests that the steric bulk of L 5 (in comparison to [9]aneN3) 
prevents the amine donors of L 5 approaching the optimum Ni-N distance of 2.08A. 
This steric bulk would result in a weaker ligand-field and thus a smaller value of 
lODq. 
Assuming that L5 is coordinated to the Ni(II) centre in a facial manner (since 
the absorption data indicates that the.species is octahedral), then two stereoisomers 
of the complex [Ni(L5)2]2+  are possible. These are the syn and anti isomers, 
illustrated in Figure 5.19. The syn isomer has the benzyl amine donors occupying 
adjacent sites at the metal centre, whereas the anti isomer has the benzyl amines 
occupying opposite sites at the metal centre. One might initially expect the anti 
configuration to be the more favoured product, as the bulky benzyl groups are 
directed away from each other in this isomer. The 1 11 NMR of [Ni(L5 )2](PF6)2 did 
not aid in assignment of isomers due to paramagnetic shifting caused by the Ni(II) 
centre. 
In order to confirm the stereochemistry at the metal centre, a single crystal X-
ray structure determination was undertaken. 
Figure 5.19: The Two Possible Stereoisomers of 
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5.2.7 Single Crystal X-Ray Structure of [Ni(L 5)2}(PF6)2 . 
Pink needles of X-ray quality were obtained from the evaporation of a water - 
CH3CN solution of the complex. Details of the structure solution and refinement are 
given in the experimental section. Selected bond lengths, torsions and angles are 
presented in Tables 5.4-5.6 and a view of the cation is presented in Figure 5.20. The 
molecule possesses no crystallographically imposed symmetry, thus every atom is 
unique. The benzyl amines of the macrocycle are bound to the Ni(II) centre at 
adjacent coordination sites, affording the syn isomer of this complex. 
There are two sets of Ni-N bond lengths. Four Ni-N bond lengths [N(4), N(7), 
N(20) and N(23)] lie in the range 2.089(4)-2.123(4)A, whilst the Ni-N bond lengths 
to the benzyl amines [N(1) and N(17)] are longer at 2.262(4) and 2.251(4)A 
respectively. The longer bond lengths are attributed to the steric bulk of the benzyl 
groups, which prevent the benzyl N atom from approaching the metal centre. This 
helps explain the small value of lODq which was observed in the absorption spectrum 
for this material. 
Table 5.4: 	Selected Bond Lengths (A) for FNi(L 5121(PF62. 
Ni-N(23) 	............ 2.089(4) Ni-N(7) 	............. 2.091(4) 
Ni-N(20) 	............ 2.101(4) Ni-N(4) 	............. 2.123(4) 
Ni-N(17) 	............ 2.251(4) Ni-N(1) 	............. 2.262(4) 
N(1)-C(9) 	............ 1.490(6) N(1)-C(2) 	............ 1.490(6) 
N(1)-C(10) 	........... 1.498(6) C(2)-C(3) 	............ 1.517(7) 
C(3)-N(4) 	............ 1.476(6) N(4)-C(5) 	............ 1.499(6) 
C(5)-C(6) 	............ 1.514(7) C(6)-N(7) 	............ 1.487(6) 
N(7)-C(8) 	............ 1.491(6) C(8)-C(9) 	............ 1.497(7) 
C(10)-C(11) 	.......... 1.504(7) N(17)-C(25) 	.......... 1.473(6) 
N(17)-C(18) 	.......... 1.496(6) N(17)-C(26) 	.......... 1.503(6) 
C(18)-C(19) 	.......... 1.489(7) C(19)-N(20) 	.......... 1.476(6) 
N(20)-C(21) 	.......... 1.490(6) C(21)-C(22) 	.......... 1.508(7) 
C(22)-N(23) 	.......... 1.481(6) N(23)-C(24) 	.......... 1.482(6) 
C(24)-C(25) 	.......... 1.531(6) C(26)-C(27) 	.......... 1.505(7) 
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Table 5.5: 	Selected Bond Angles (°) for 1Ni(L 5121(PF62 
N(23)-Ni-N(7) ......... 178.8(2) N(23)-Ni-N(20) ........ 81.8(2) 
N(7)-Ni-N(20) ......... 99.2(2) N(23)-Ni-N(4) ......... 99.2(2) 
N(7)-Ni-N(4) 	......... 8 1.3(2) N(20)-Ni-N(4) ......... 90.2(2) 
N(23)-Ni-N(17) 	........ 80.87(14) N(7)-Ni-N(17) ......... 98.8(2) 
N(20)-Ni-N(17) 	........ 80.3(2) N(4)-Ni-N(17) ......... 170.3(2) 
N(23)-Ni-N(1) ......... 97.7(2) N(7)-Ni-N(1) 	......... 81.3(2) 
N(20)-Ni-N(1) ......... 170.6(2) N(4)-Ni-N(1) 	......... 80.7(2) 
N(17)-Ni-N(1) ......... 108.95(14) C(9)-N(1)-C(2) 	........ 111.2(4) 
C(9)-N(1)-C(10) 	....... 110.7(4) C(2)-N(1)-C(10) 	....... 110.2(4) 
C(9)-N(1)-Ni .......... 102.4(3) C(2)-N(1)-Ni .......... 106.8(3) 
C(10)-N(1)-Ni 	......... 115.2(3) N(1)-C(2)-C(3) 	........ 113.0(4) 
N(4)-C(3)-C(2) 	........ 109.8(4) C(3)-N(4)-C(5) 	........ 113.9(4) 
C(3)-N(4)-Ni .......... 106.5(3) C(5)-N(4)-Ni .......... 111.0(3) 
N(4)-C(5)-C(6) 	........ 110.7(4) N(7)-C(6)-C(5) 	........ 110.1(4) 
C(6)-N(7)-C(8) 	........ 112.7(4) C(6)-N(7)-Ni .......... 105.8(3) 
C(8)-N(7)-Ni .......... 112.4(3) 
Table 5.6: 	Selected Torsion Angles () for 1Ni(L5 )21(PF6 12 
C(9)-N( 1 )-C(2)-C(3) 	. . . . 131.2(4) C( 1 0)-N( 1 )-C(2)-C(3) 	. . . -105.6(5) 
C(2)-C(3)-N(4)-C(5) 	. . . . -71.0(5) C(3)-N(4)-C(5)-C(6) 	. . . . 133.4(4) 
N(4)-C(5)-C(6)-N(7) 	. . . . -42.3(6) C(5)-C(6)-N(7)-C(8) 	. . . . -73.1(5) 
C(6)-N(7)-C(8)-C(9) 	. . . . 133.2(5) C(2)-N(1)-C(9)-C(8) 	. . . . -69.2(5) 
C(10)-N(1)-C(9)-C(8) . . . . 167.9(4) N(7)-C(8)-C(9)-N(1) 	. . . . -41.7(6) 
C(9)-N(1)-C(10)-C(1 1) . . . 71.0(5) C(2)-N(1)-C(10)-C(1 1) . . . -52.4(5) 
N( 1 )-C( 1 0)-C( 11 )-C( 12) . . -76.5(6) C(25)-N(17)-C(18)-C(19) . 134.6(4) 
C(26)-N(17)-C(1 8)-C(19) . - 102.0(5) N(17)-C(1 8)-C(19)-N(20) . -50.7(5) 
C( 1 8)-C( 1 9)-N(20)-C(2 1) . -70.4(5) C( 1 9)-N(20)-C(2 1 )-C(22) . 131.0(4) 
N(20)-C(21)-C(22)-N(23) . -40.5(6) C(21)-C(22)-N(23)-C(24) . -74.6(5) 
C(22)-N(23)-C(24)-C(25) . 133.8(5) Q1 8)-N( 1 7)-C(25)-C(24) . -66.9(5) 
C(26)-N(17)-C(25)-C(24) . 170.6(4) N(23)-C(24)-C(25)-N(17) . -44.2(5) 
C(25)-N(17)-C(26)-C(27) . 55.5(6) C(18)-N(17)-C(26)-C(27) . -67.5(6) 
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N(20) 
N(4) 
Figure 5.20: A View of the Cation in [Ni(L 5)2](PF6)2. 
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The prevalence of the syn isomer over the anti isomer was initially surprising. 
This may be due to a number of factors. For example, the synthesis of this material 
was carried out in ethanol, from which the nitrate salt of the product precipitated. The 
syn and anti isomers may have differing solubilities in ethanol, leading to the 
isolation of only one product. Alternatively, the choice of counter-ion may affect 
which isomer precipitates initially upon recrystallisation. 
Reaction in refluxing water (rather than ethanol at 20 0C) might be expected 
to give the thermodynamically favoured product if the syn isomer is a kinetically 
favoured product rather than the thermodynamic product. Reaction of 
Ni(NO3 )2 .61120 with 2 equivalents of L5 in refluxing water for 30 mins., followed 
by addition of NH4PF6 affords a pink solid. This was recrystallised from evaporation 
of a water-CH 3CN solution. Several crystals of this material were mounted on the 
diffractometer and the unit cell dimensions were collected. In all instances, the unit 
cell parameters were found to match with the unit cell parameters of the structure of 
the syn isomer reported above. 
A single crystal X-ray structure determination was therefore carried out upon 
the BF4 salt of [Ni(L5)2]2+,  in order to ascertain the effect of a change of counter-
ion upon the structure. 
5.2.8 Single Crystal X-Ray Structure of [Ni(L 5 )2](BF4)2 . 
Pink needles of X-ray quality were obtained from the diffusion of ether into 
an acetonitrile solution of the complex at -20 0C. Details of the structure solution and 
refinement are given in the experimental section. Selected bond lengths, angles and 
torsions are given in Tables 5.7-5.9 and a view of the cation is shown in Figure 5.21. 
This complex is isostructural with [Ni(L 5)2](PF6)2 , both crystallising in related space 
groups (P2 1 1a and P2 1 1c), with similar unit cell dimensions. For [Ni(L5 )2](PF6)2 the 
unit cell dimensions are a = 14.82, b = 13.36, c = 18.27A, 3 = 112.02 0, whilst for 
[Ni(L5)2](BF4)2 the unit cell dimensions are a = 13.80, b = 13.15, c = 17.63, P = 
109.360. Since PF6 and BF4 are electronically similar (eg they have no permanent 
dipole) and are of similar dimensions, it is perhaps not surprising that these 
complexes are isostructural. 
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Table 5.7: 	Selected Bond Lengths (A) for 1Ni(L5121(BF412 
Ni-N(4) 	............. 2.077(6) Ni-N(7) 	............. 2.086(7) 
Ni-N(23) 	............ 2.093(7) Ni-N(20) 	............ 2.130(7) 
Ni-N(17) 	............ 2.231(7) Ni-N(1) 	............. 2.249(7) 
N(1)-C(9) 	............ 1.487(10) N(1)-C(2) 	............ 1.499(11) 
N(1)-C(10) 	........... 1.507(10) C(2)-C(3) 	............ 1.526(12) 
C(3)-N(4) 	............ 1.501(10) N(4)-C(5) 	............ 1.496(11) 
C(5)-C(6) 	............ 1.520(13) C(6)-N(7) 	............ 1.470(11) 
N(7)-C(8) 	............ 1.488(11) C(8)-C(9) 	............ 1.519(11) 
N(17)-C(25) 	.......... 1.494(11) N(17)-C(26) 	.......... 1.510(11) 
N(17)-C(18) 	.......... 1.513(11) C(18)-C(19) 	.......... 1.502(13) 
C(19)-N(20) 	.......... 1.469(12) N(20)-C(21) 	.......... 1.498(11) 
C(21)-C(22) 	.......... 1.529(13) C(22)-N(23) 	.......... 1.485(11) 
N(23)-C(24) 	.......... 1.501(12) 
Table 5.8: 	Selected Bond Angles () for 1Ni(L 5 )21(BF42 
N(4)-Ni-N(7) 	......... 82.1(3) N(4)-Ni-N(23) ......... 99.6(3) 
N(7)-Ni-N(23) ......... 178.2(3) N(4)-Ni-N(20) 	......... 90.5(3) 
N(7)-Ni-N(20) ......... 98.4(3) N(23)-Ni-N(20) 	........ 82.1(3) 
N(4)-Ni-N(17) ......... 170.7(3) N(7)-Ni-N(17) ......... 96.5(3) 
N(23)-Ni-N(17) 	........ 81.9(3) N(20)-Ni-N(17) 	........ 80.6(3) 
N(4)-Ni-N(1) 	......... 80.6(3) N(7)-Ni-N(1) 	......... 81.1(2) 
N(23)-Ni-N(1) ......... 98.7(3) N(20)-Ni-N(1) ......... 171.1(3) 
N(17)-Ni-N(1) ......... 108.3(2) 
Table 5.9: 	Selected Torsion Angles (°) for [Ni(L 5 )21(BF42 
C(9)-N(1)-C(2)-C(3) 	. . . . - 137.2(7) C(10)-N(1)-C(2)-C(3) 	. . . 100.3(8) 
C(2)-C(3)-N(4)-C(5) 	. . . . 70.9(8) N(4)-C(5)-C(6)-N(7) 	. . . . 39.7(10) 
C(5)-C(6)-N(7)-C(8) 	. . . . 76.4(9) C(6)-N(7)-C(8)-C(9) 	. . . . -132.8(8) 
C(2)-N(1)-C(9)-C(8) 	. . . . 66.8(9) C(10)-N(1)-C(9)-C(8) 	. . . -171.1(7) 
C(9)-N(1)-C(10)-C(1 1) . . . -58.0(9) C(2)-N(1)-C(10)-C(1 1) . . . 63.9(9) 
N(l)-C(10)-C(11)-C(16) . . 93.9(10) N(1)-C(10)-C(11)-C(12) . . -90.3(9) 
C(25)-N( 1 7)-C( 1 8)-C( 19) 	. -133.6(8) C(26)-N( 1 7)-C( 1 8)-C( 19) . 104.7(8) 
Q1 8)-C( 1 9)-N(20)-C(2 1) . 69.7(9) C( 1 9)-N(20)-C(2 1 )-C(22) . -134.7(8) 
N(20)-C(21)-C(22)-N(23) . 43.7(10) C(21)-C(22)-N(23)-C(24) . 72.5(9) 
C(22)-N(23)-C(24)-C(25) . -131.4(8) C(26)-N(17)-C(25)-C(24) . -167.7(7) 
C(18)-N(17)-C(25)-C(24) . 70.3(9) N(23)-C(24)-C(25)-N(17) . 39.7(10) 
C(25)-N(17)-C(26)-C(27) . -71.0(9) C( 1 8)-N( 1 7)-C(26)-C(27) . 50.5(10) 
N(17)-C(26)-C(27)-C(28) . 77.5(11) N( 17)-C(26)-C(27)-C(32) . -103.9(9) 
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Figure 5.21: A View of the Cation in [Ni(L 5 )2](BF4)2 . 
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Closer inspection of the structures of [Ni(L 5 )2](PF6)2 and [Ni(L5 )2](BF4)2 
may help to explain why the syn isomer is formed in preference to the anti isomer. 
Figure 5.22 illustrates the space-filling diram of the cation in [Ni(L 5)2](PF6)2 . 
Although the benzyl amines are bound to adjacent sites on the metal centre, the actual 
bulky substituents are disposed away from each other. Thus, the steric repulsion 
between the two macrocycles is actually due to interactions between the benzyl CH 2 
group of one macrocycle and a ring CH 2 group of the other macrocycle. The syn 
isomer may in fact be the more stable isomer since the macrocyle-macrocycle 
interactions are confined to one face of the metal centre, causing lengthening of only 
two Ni-N bonds. The disposition of the bulky groups in the anti isomer may cause 
lengthening of four (or more) of the Ni-N bonds, resulting in a ligand-field which is 
even weaker than that observed. 
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5.2.9 Reaction of Pd(II) and Ni(II) with 4-(hexyloxy)-4'-[(1.4.7-triaza-1-
cyclononyl)methyl] biphenyl (L 8 ). 
In order to develop fully the coordination chemistry of L 8 , a range of ligands 
would have to be prepared with a series of different alkyl chain lengths. Complexes 
would also have to be prepared with a range of different counter-ions to evaluate the 
effect that this would have upon potential mesogenic behaviour. All complexes would 
have to be purified, then studied by optical microscopy and differential scanning 
calorimetry. Due to time constraints, preparation of these materials lies outwith the 
present body of work. 
Reaction of Pd(OAc) 2 with L8 in CH202, followed by recrystallisation from 
CH202 - hexane affords a pale yellow solid. The IR spectrum indicates the presence 
of L8 and CH3COO counter-ion and CHN microanalysis indicated an overall 
stoichiometry of [Pd(L 8)2](CH3COO)2. The FAB mass spectrum (presented in Figure 
5.23) exhibits peaks at 895 and 501, which can be assigned as [Pd(L 8 )2] and 
[Pd(L8)]+ respectively. This initial study suggests that complexes of L 8 can be 






H 	 'I 	11 
750 	 800 	 250 	 900 	 950 	 1000 
Figure 5.23: The FAB Mass Spectrum of [Pd(L 8)21(CH3COO)2 . 
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As stated previously, L 8 has been designed to form complexes which may 
exhibit calamitic (rod-like) liquid-crystalline behaviour. For complexes of type 
the coordination geometry at the metal centre is thus important as 
regards the overall shape of the cation. For calamitic liquid crystals, the overall 
morphology is normally long and rod-like, with a rigid core and flexible tail 
groups216. Thus for square planar and octahedral complexes of L 8, the desired 
geometry is one where the alkoxy biphenyl groups are disposed in opposite 
directions. This is illustrated in Figure 5.24. 
It is not unreasonable to assume that the coordination geometry of complexes 
of L8 will be the same as that seen already with complexes of L 5, as the differences 
between these two ligands lie outwith the coordination sphere. The complexes of 
Ni(II) and Pd(II) which have been described earlier in this chapter may therefore 
serve as useful models for the expected structures of [M(L8)2]2+  (M = Pd or Ni). 
One might therefore expect that the [Pd(L8)2]2+  complex would adopt a 
centrosymmetric, overall rod-like shape, which would be compatible with the criteria 
described previously for liquid crystallinity. However, if the [Ni(L 8)2] 2 complex 
adopts the same coordination geometry as observed previously for [Ni(L5)2]2+,  then 
the molecule would have a "bend" in the middle, and could not adopt a rod-like 
shape. Thus, the [Ni(L8)2]2+  complex may not meet the requirements for liquid 
crystallinity. One advantage that the Ni(II) complex would have over the Pd(II) 
complex is greater rigidity at the metal centre (due to octahedral coordination), which 
is a very important factor as regards mesophase behaviour. 
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Figure 5.24: Preferred Coordination Geometries in Square Planar and Octahedral 
Complexes of L8. 
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5.3 Conclusions. 
[Pd(L5)2](PF6)2 has been prepared and structurally characterised. The crystal 
structure shows the macrocycle to adopt a similar conformation to that found in 
[Pd([9]aneN3)2](PF6)2. The benzyl amine of the macrocycle is non-interacting with 
the metal at a distance of 3.402(4)A. Cyclic voltammetry of [Pd(L 5 )2](PF6)2 shows 
a reversible Pd(II)/Pd(III) oxidation at a potential of +0.360V (vs FcIFc), which 
compares with the oxidation potential of +0.070V (vs FcfFc) for 
[Pd([9]aneN3)2](PF6)2. The difference in these potentials has been attributed to the 
greater steric bulk of L 5 in comparison to [9]aneN3 , which hinders the stabilisation 
of the Pd(III) species by the benzyl amine group. The [Pd(L 5 )2] 3 cation can be 
generated electrochemically, the EPR spectrum of which exhibits super-hyperfine 
coupling to two axial N donors, suggesting a tetragonally elongated coordination 
geometry at the Pd(III) cation. 
[Ni(L5 )2] 2 has been prepared and structurally characterised as BF 4 , PF6 
and BPh4 salts. The crystal structures of [Ni(L 5 )2](BF4)2 and [Ni(L5 )2](PF6)2 show 
the cation to adopt a syn configuration, with the benzyl amines coordinated to the 
metal centre at adjacent positions. Change of reaction conditions or counter-ion did 
not produce the anti configuration. The preference of the syn configuration over the 
anti configuration has been rationalised in terms of minimising the lengthening of Ni-
N bonds. 
The crystal structures of Ni(II) and Pd(II) with L 5 provide useful models for 
complexes of Ni(II) and Pd(II) with L 8 . The structure of [Pd(L 5 )2] 2  has been shown 
to be appropriate for the synthesis of rod-like molecules of the type [Pd(L 8)2] 2 . In 
contrast, the structure of [Ni(L5)2]2+  suggests that Ni(II) complexes of L 8 may not 
adopt an overall rod-like shape, as the cation is not centrosymmetric. However, the 
coordination chemistry of L 8 has yet to be developed fully 
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5.4 Expenmental. 
5.4.1 Synthesis of [Pd(L5)2](PF6)2 (L5 = 1-benzyl-1,4,7-triazacyclononane). 
Pd(OAc) 2 (0.051g. 0.00023mol) and L5 (0.10g. 0.00046mo1) were dissolved 
in CH202 (15cm3) and the solution was stirred at room temperature for 2 hours. 
This gave a colour change from orange to pale yellow. The solvent was removed in 
vacuo and the residue taken up in the minimum volume of methanol. This solution 
was filtered and NH4PF6 (0.081g. 0.00050mo1) was added as a solution in water 
(5cm 3). A yellow microcrystalline solid was obtained upon standing at 50C for 24 
hours. This was collected and recrystallised by diffusion of ether into an acetonitrile 
solution; (0.082g, 43.3%) ; IH NMR (CD 3NO2, 80.13 MHz) ô = 2.5-4.0 (12H, m, 
Cu2 ring), 4.22 (2H, s, Cjj2Ph) and 7.41 (5H, m, ArH);  13C NMR (CD NO 50.32 
MHz) ö = 52.46, 52.54, 54.82 (H2 ring), 57.98 (H21?h), 126.63, 127.73, 128.47 
(aromatic CH) and 136.03 (aromatic quaternary); Found: C, 37.1: H, 5.29: N, 9.83%. 
C26H42N6P2F 12Pd requires: C, 37.4: H, 5.04: N, 10.1%; JR (KBr disc) 2930w, 
2451m, 1452m, 1362w, 1076m, 836s and 558s cm-1 ; FAB-MS (3-NOBA) mlz 689 
= [Pd(L5)2](PF6), 543 = [Pd(L5)] and 324 = [Pd(L 5)}. 
5.4.2 Single Crystal X-Ray Structure of [Pd(L 5 )2](PF6)2 .2CH3CN (L5 = 1-benzyl-
1,4,7-triazacyclononane). 
Crystals suitable for X-ray studies were obtained from the diffusion of ether 
into an acetonitrile solution of the complex at -20 0C. 
Crystal Data: 
C30H48N8P2F 12Pd, M = 916.97. Triclinic, spacegroup P-i, a = 9.421(6), b 
= 9.695(6), c = 11.437(7)A, a = 92.43(5)0, 3 = 105.45(5) 0 y = 109.74(5)0 , V = 
937.5A3 [from 20 values of 13 reflections measured at ±o(30 26 :g 32 0), A = 
0.071073A, T = 150K], Z = 1, Dc  = 1.624gcm 3 . Crystal dimensions 0.74 x 0.39 x 
0.31 mm, JJ(MoKa) = 0.664 mm-l '  F(000) = 468. 
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Data Collection and Processing: 
Stoë STADJ-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, /20 scan mode using the learnt profile method. 
Graphite-monochromated Mo-Ka  radiation: 2552 data collected 20max 
= 450, -10 
~ h ~ 9, -10 :g k :g 10, 0 :g 1 ~ 12), 2376 unique data (Rint = 0.0123) giving 2347 
with F> 4o(F). No crystal decay. An initial absorption correction was applied using 
*-scans (max. and mm. transmission factors 0.822 and 0.767 respectively). 
Structure Analysis and Refinement: 
The position of the palladium atom was fixed at (0,0,0) as a trial position and 
successive cycles of least squares and difference Fourier synthesis located all non-H 
atoms and confirmed the position of the palladium atom. All non-H atoms were 
refined anisotropically and H atoms were fixed in calculated positions. During 
refinement, the CH 3 group of the CH 3CN solvate molecule was found to be 
disordered by rotation around the C-C-N axis. This was modelled using two distinct, 
equally occupied orientations with restrained CH and H-H distances. At final 
convergence R[F 2: 4u(F), 2347 data] = 0.0241, wR[F2, all data] = 0.0372, S[F2] = 
2.698 for 266 parameters. The weighting scheme w 4 = 02(F) + 0.0001F2 gave 
satisfactory agreement analyses. The final difference Fourier synthesis contained no 
peak above +0.63 and no peak below -0.53 e 3 . 
5.4.3 Synthesis of [Ni(L5)2](BPh4)2  (L5 = 1-benzyl-1,4,7-triazacyclononane). 
L5 (0.075g, 0.00034mo1) and Ni(NO 3 )2 .6H20 (0.05g, 0.00017mol) were 
dissolved in ethanol (15cm 3 ). After standing for 2 hours, the solution had changed 
colour to purple-blue and a fine pink precicpitate had formed, which was collected 
and dissolved in water (10cm 3). NaBPh4 (0.116g, 0.00034mol) was added as a 
solution in water (5cm 3 ) to yield a pink precipitate. Acetone was then added until the 
solution cleared and upon evaporation pink needles were obtained; (0.048g, 24.8%); 
Found: C, 75.7: H, 7.66: N, 6.41%. C74H82N6B2Ni requires C, 78.3: H, 7.23: N, 
7.41%; JR (KBr disc) 3278m, 3053w, 2982w, 1694m, 1578m, 1478m, 1424m, 1360w 
and 734m cm-i; FAB-MS (3-NOBA) mlz 815 = [Ni(L5)2](BPh4) and 495 = [Ni(L5)2]. 
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5.4.4 Synthesis of [Ni(L5 ) 21(PF6)2 (L5 = 1-benzyl-1,4,7-tnazacyclononane). 
The synthesis of this material was analogous to that described in Section 5.4.3. 
NH4PF6 was used instead of NaBPh 4 to afford pink needles; (0.030g, 22.3%); 
Found: C, 38.8: H, 5.71: N, 10.7%. C26H42N6P2F 12Ni requires: C, 39.7: H, 5.38: 
N, 10.7%; JR (KBr disc) 3278m, 2971w, 1490m, 1424m, 856s and 558 cm; FAB-
MS (3-NOBA) mlz 515 = [Ni(L5)2](PF6) and 496 = [Ni(L 5 )2]; UV/vis AMAX 
eMAX = 10408 (11), 11904 (sh), 18798 (6) and 25641 (18) cm- I  (dm3moV1cm). 
5.4.4 Synthesis of [Ni(L 5 )2](BF4)2 (L5 = 1-benzyl-1,4,7-triazacyclononane). 
The synthesis of this material was analogous to that described in Section 5.4.3. 
NaBF4 was used instead of NaBPh 4 to afford pink needles; (0.052g, 45.4%); Found: 
C, 47.0: H, 6.66: N, 12.4%. C 26H42B2F8N6Ni requires: C, 46.5: H, 6.31: N, 12.5%; 
IR (KBr disc) 2982w, 1494m, 1424m and 1054s cm'; FAB-MS (3-NOBA) m/z 583 
= [Ni(L5)2](BF4) and 496 = [Ni(L5 )2]. 
5.4.5 Single Crystal X-Ray Structure of [Ni(L 5)2](PF6)2. 
Crystals suitable for X-ray analysis were obtained by the slow evaporation of 
a solution of the complex in a THF/acetone/water mixture. 
Crystal Data: 
C26H42N6P2F 12Ni, M = 787.31. Monoclinic, spacegroup P2 1 /n, a 
14.8184(19), b = 13.3581(16), c = 18.2669(23)A, 3 = 112.016(8) 0, V = 3352A 
[from 20 values of 47 reflections measured at ±w(22 :g 20 :g 24 0), A = 0.071073A, 
T = 295K], Z = 4, DC  = 1.560gcm 3 . Crystal dimensions 1.05 x 0.19 x 0.08 mm, 
JJ(Mo-Ka) = 0.770 mm -1 , F(000) = 1624. 
Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, &20 scan mode using the learnt profile method. 
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Graphite-monochromated Mo-Ka  radiation: 8321 data collected 20max = 
450, 
- 15 
:g h :5 14, 0 :g k :g 14, 0 :5 1 :5 19), 4383 unique data (Rint = 0.0408) giving 4346 
with F> 4o(F). 5% crystal decay. An initial absorption correction was applied using 
-scans (max. and mm. transmission factors 0.785 and 0.747 respectively). 
Structure Analysis and Refinement: 
The structure was solved using direct methods (SHELXS-86), then refined on 
F2 using SHELXL-93. All non-H atoms were refined with anisotropic thermal 
parameters and H atoms were fixed in calculated positions. At final convergence R[F 
2! 4o(F), 4346 data] = 0.0431, wR[F 2, all data] = 0.1285, S[F2] = 1.12 for 425 
parameters. The weighting scheme w = [02(1702) + (0.0433P)2 + 5.1174P], P = 
1 /3[MAX(F02, 0) + 217c2  gave satisfactory agreement analyses. The final difference 
Fourier synthesis contained no peak above +0.533 and no peak below -0.331 ek 3 
5.4.6 Single Crystal X -Ray Structure of [Ni(L5)2](BF4)2. 
Crystal Data: 
C26H42B2F8N6Ni, M = 670.99. Monoclinic, spacegroup P2 1 1c, a = 
13.794(5), b = 13.147(6), c = 17.622(9)A, 3 = 109.36(5)0, V = 3015A3 [from 20 
values of 23 reflections measured at ±(28 :g 20 :5 320), 1 = 0.071073A, T = 150K], 
Z = 4, D = 1.478gcm 3 . Crystal dimensions 0.38 x 0.19 x 0.08 mm, J.t(MoK a) = 
0.721 mm4 , F(000) = 1400. 
Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, &20 scan mode using the learnt profile method. 
Graphite-monochromated Mo-Ka radiation: 4212 data collected 20max 450, -14 
~ h :~ 14, 0 :5 k :g 14, 0 :5 1 :g 18), 3893 unique data(Rint = 0.3171) giving 3862 
with F> 4a(F). No crystal decay. An initial absorption correction was applied using 
*-scans (max. and mm. transmission factors 0.891 and 0.717 respectively). 
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Structure Analysis and Refinement: 
The structure was solved using direct methods (SHELXS-86), then refined on 
F2 using SHELXL-93. All non-H atoms were refined with anisotropic thermal 
parameters and H atoms were fixed in calculated positions. At final convergence R[F 
~ 4o(F), 3862 data] = 0.07272 wR[F2, all data] = 0.1847, S[F2] = 0.993 for 388 
parameters. The weighting scheme w = [02(F02) + (0.0918P) 2 + 32.55PJ, P = 
1 /3[MAX(F02, 0) + 2Fc2] gave satisfactory agreement analyses. The final difference 
Fourier synthesis contained no peak above +1.17 and no peak below -1.45 ek3 . 
5.4.7 Synthesis of [Pd(L8)2](OAc)2. 
Pd(OAc)2 (0.024g. 0.000 11 mol)  and L 8 (0.075g, 0.00022mol) were stirred in 
CH202 (10cm3) at room temperature for 3 hours. This gave a colour change from 
orange to pale yellow. The solvent was removed in vacuo and the residue was 
washed with hexane and diethyl ether (to remove unreacted ligand). The remainig 
solid was dissolved in the minimum volume of CH202, hexane (5cm 3) was added 
and the solution was left overnight at -20 0C. A pale yellow solid was filtered off, 
washed with hexane and dried in vacuo; (0.086g, 77.1%); Found: C, 59.89: H, 7.76: 
N, 7.63%. C54H80N606Pd requires: C, 63.9: H, 7.89: N, 8.28%; JR (KBr disc) 3410, 
3102, 2927, 2858, 1576, 1498, 1394 and 1248cm; FAB-MS (3-NOBA) mlz 895 = 





Chapter 6: Complexes of Functionalised [9]aneNS 2 
6.1 	Introduction. 
6.1.1 Previous Work on [9]aneNS 2 . 
The coordination chemistry of 1 ,4,7-triazacyclononane ([9]aneN 3 )236238  and 
its trithia analogue 1 ,4,7-trithiacyclononane ([9]aneS3) 239 has been studied 
extensively by a range of workers. The stabilisation of unusual metal oxidation states 
by these small, face-capping macrocycles is of particular note. In contrast, however, 
much less work has been reported on the mixed aza/thia macrocycles [9]aneN 2S240 
and [9]aneNS2 24243 (Figure 6.1). This in part reflects the synthetic difficulties 
involved in preparing these ligands, whereas [9]aneN 3 and [9]aneS 3 are commercially 
available. On the hard-soft, acid-base scale the mixed aza/thia macrocycles are found 
to be intermediate between "hard" [9]aneN 3 and "soft" [9]aneS 3 . One important 
difference between aza and thia donors is that aza-macrocycles are only capable of 
acting as a-donors to metal centres, whereas thia-macrocycles introduce the possibility 









[9]aneN S 2 
Figure 6.1: The Mixed Donor Macrocycles [9]aneN 2S and [9]aneNS 2 . 
This chapter is devoted to the preparation of functionalised derivatives of 
[9]aneNS2, and subsequent complexation of these ligands. The presence of two 
sulphur donor atoms in the ring allows a simple route to monofunctionalised ligands, 
in contrast to [9]aneN 3 , where a multi-step synthetic scheme had to be developed in 
order to prepare monofunctionalised ligands (Chapter 2). 
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The synthesis of [9]aneNS2 was first reported by both Parker 242 and 
McAuley241  independently in 1990. Figure 6.3 illustrates the synthetic scheme for 
the preparation of the ligand. The routes employed by both workers are essentially 
the same, the only difference being the choice of reagents for the detosylation step. 
McAuley reported difficulty with the detosylation step, finally employing anhydrous 
phosphoric acid in 50% yield, whilst Parker reported a yield of 73% using HBr-
phenol-acetic acid. The isolation of [18]aneN2S4 from the reaction mixture (in 10% 
yield for the cyclisation step) was also reported by Parker and co-workers. The Ni(II) 
complex of [9]aneNS 2  adopts a centrosymmetric octahedral coordination geometry, 
showing a reversible Ni(II)/(III) oxidation potential at 1.044V and an irreversibie 
Ni(II)/(I) reduction potential at -1.52V vs Ag/Ag. 
Susequently, McAuley 243 reported the synthesis of the ten-membered 
macrocycle [10]aneNS 2  via an alternative route, which is illustrated in Figure 6.2. 
Cyclisation of TsN(CH 2CH2OTS)2 with HSCH2CH2CH2SH affords the tosylated 
macrocycle in 65% yield, with the detosylation step being performed under Parker's 
conditions of HBr-phenol-acetic acid in this instance. The Ni(II) complex of 
[10]aneNS2 also adopts a centrosymmetric octahedral coordination geometry, 
exhibiting a reversible Ni(II)/(III) oxidation potential at 1.O1V vs Ag/Ag. 
Interestingly, the EPR spectrum of [Ni([9]aneNS2)213 exhibits a signal 
which is consistent with tetragonal elongation (g 1 > g ), whereas the EPR spectrum 
of [Ni([10]aneNS2)2]3 exhibits a signal which is consistent with tetragonal 





Cs 2 CO 3 	TSN 	S 
HS(CH 2 )3 SH 
HBr 	/'•\ 
AcOH HN 	S 
PhOH 
Figure 6.2: The Synthesis of [1O]aneNS 2. 
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TsN 	OTs 	 TSN 	Br 
OTs 	 Br 
SC(NH 2\ /S C ( NH2)2 
TSN 	SC(NH2 ) 2 




Br C H2 C./// 
TSN 	S 
sJ 
HBrAc OH - Ph OH 
or 
H 3 PO 4 
H 2 Br 
(SS 
Ts 	 NTs 
—S Sj 
— Sj 
Figure 6.3: The Synthesis of [9]aneNS2. 
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Linkage of two [9]aneNS2 or [lO]aneNS2 macrocycles with ethane bridges 
(to afford bis-[9]aneNS2 and bis-[10]aneNS2), by reaction of the appropriate 
macrocycle with TsOCH 2CH2OTs has also been reported 242,243 (Figure 6.4). Such 
"ear-muff" ligands are analogous to the bis-[9]aneN3 ligands reported by a number 
of groups (see Chapter 4). The Ni(II) complex with bis-[10]aneNS2 shows similar 
behaviour to [Ni([10]aneNS 2)21 2 , exhibiting tetragonal compression in the EPR 
spectrum. The presence of the linking ethane bridge does, however, induce a degree 
of strain in the complex, which is observed in the crystal structure of 
[Ni(bis-[ 1 O]aneNS 2)] 2t 
The single crystal X-ray structure of [Ag(bis-[9]aneNS2)IY has been reported 
by Parker, along with binding constants in solution. The crystal structure shows the 
complex to be strained, suggesting that the ligand is more suitable for complexation 
of smaller cations. Binding constants show that only one of the macrocyclic rings of 
bis-[9]aneNS2 participates significantly in binding in aqueous solution. 
—S—) 	—S—) 
csJ SD 
Figure 6.4: The Linked Macrocycles bis-[9]aneNS2 and bis-[10]aneNS2. 
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6.1.2 Aims of Work. 
Chapter 2 described the synthesis of a range of asymmetrically functionalised 
ligands derived from [9]aneN3, several of which contained pendent alcohol donors. 
The aim of the work described in this chapter was to append pendent alcohols to 
[9]aneNS2 to generate novel tetradentate ligands. Such ligands would contain a range 
of three donor atoms (N, 0, S) and upon complexation may leave one or two vacant 
coordination sites for complexation of other ligands. 
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6.2 Results and Discussion. 
6.2.1 Synthesis of 1,4-dithia-7-azacyclononane ([9]aneNS 2 ). 
The synthesis of [9]aneNS2 has been reported previously by both Parker 242 
and McAuley 241 , via the reaction of T5N(CH 2CH2SH)2 with BrCH2CH2Br in DMF 
using caesium carbonate as base (Figure 6.2). The yields reported for the cyclisation 
step of this reaction were 59% (McAuley) and 43% (Parker). We have developed a 
more straightforward (although lower yielding) route to [9]aneNS2,  based upon 
McAuley's reported synthesis of [IO]aneNS 2. This route is illustrated in Figure 6.5. 
The tritosy late TsN(CH 2CH2OTs)2 was prepared by the reaction of 
HN(CH2CH20H)2 with tosyl chloride in dry triethylamine, the product being 
recrystallised from CH 202 -EtOH. Cyclisation to afford the tosy late of [9]aneNS2 
was then carried out under high dilution conditions by reaction of 
TsN(CH2CH2OTs)2 with HSCH2CH2SH in DMF using Cs2CO 3 as base. The 
residue from this reaction was filtered through flash silica to remove polymeric 
impurities and then recrystallised from ethanol. The yield for the cyclisation was poor 
at 28%, although this yield may be improved by optimisation. The poor cyclisation 
yield is compensated by the fewer number of steps in this synthesis compared to the 
synthesis reported by McAuley or Parker. Thus, there appears to be little difference 
between the two possible routes. The final detosylation step was carried out according 




Cs 2CO3 	TSN 	S 
HS(CH 2)2SH 
HBr 
AcOH 	HN 	S 
PhOH 
Figure 6.5: The Alternative Synthesis of [9]aneNS 2 . 
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6.2.2 7-(2-hydroxy-2-methyl propyl)-7-aza-1,4-dithiacyclononane (L 1 1 H). 
The reaction between 20  amines and isobutylene oxide to yield tertiary 
alcohols has been described earlier in this work 67 (Chapter 2). Thus, reaction of 
[9]aneNS2 with excess isobutylene oxide in ethanol for 10 days affords L 1 1 H (Figure 
6.6) in essentially quantitative yield. The 13C NMR spectrum of L 1 1 H is presented 
in Figure 6.7. This illustrates the purity of the product, which was isolated by 
removal of solvent and excess isobutylene oxide in vacuo. 
O 
S NH ____ S N 
sJ ____ 
/ 	 OH 
Figure 6.6: The Synthesis of L 11 H. 
I 	I 	I 	I 	I 	I 	I 
80 70 60 50 40 30 20 
ö (ppm) 
Figure 6.7: 13C NMR DEPT Spectrum of L 11 H. 
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6.2.3 Effect of Pendent-Arm Steric Bulk upon Complexation Behaviour. 
The coordination properties of functionalised pendent-arm macrocycles can be 
altered by changing the steric bulk of the substituents on the pendent arm. 
Peacock 107  has reported the complexation behaviour of the two functionalised 
pendent-alcohol ligands shown in Figure 6.8. By changing the substituent on the 
pendent-arm from methyl to isopropyl, a marked difference is observed in complex 
formation. Thus, the methyl-substituted ligand forms dimeric complexes with trivalent 
metal ions, one half of the dimer containing a triply-deprotonated alkoxide ligand and 
the other half containing a triply-protonated alcohol ligand. The two halves of the 
dimer are linked via H-bonding between the alcohols and alkoxides. 
In contrast, the isopropyl-substituted ligand forms mononuclear complexes 
with trivalent metal ions, with the ligand triply deprotonated to act as an alkoxide 
donor. Thus, the bulky isopropyl groups inhibit dimer formation. 
With mononuclear complexes of divalent metal ions, pendent-alcohol donors 
are found to be protonated in most instances. One exception to this is the 
[Cu200112] 2  complex illustrated in Figure 4.3. The retention of the alcohol proton 
in divalent metal-ion compexes has been attributed to the poorer Lewis acidity of 
M(II) ions in comparison with M(III) ions. Alternatively, the higher the oxidation 
state of a metal coordinated to an alcohol, the more acidic is the alcohol proton. 
Mononuclear M(II) complexes with alkoxide ligands can be prepared if 
electron-withdrawing groups are present which increase the acidity of the alcohol 
proton. An example of such a complex 244  is the recently reported 
Na2Cu [OCH(CF3 )2] 4 . 
We were interested in the preparation of pendent-arm derivatives of [9]aneNS2 
containing bulky substitiuents on the pendent arm, in order to compare the 
coordination behaviour with that of L 1 1 H. 
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Figure 6.8: Pendent-Arm Derivatives of [9]aneN3 With Bulky Substituents. 
6.2.4 7[(2hydroxy2,2-diphenyI) ethyl] 7aZa 1 ,4-dithiacyclononane (L 
12H). 
L 12H was prepared from the reaction between [9]aneNS2 and 2,2-diphenyl 
oxirane. The oxirane was prepared according to the method reported by Corey 245 , 
which is illustrated in Figure 6.9. (CH 3 )3SOT reacts with NaH to generate 
CH2 (CH3 )2SO, which is then reacted withPhCOPh. The methylide acts as a source 
of CH2, which inserts into the C=O bond, thus generating the required oxirane. 
CH 3 	 CH2 	Ph'Ph 	
Ph 	Ph 
CH3CH3 	
NaH 	 + 
. CH3_rCH3 11  DMSO 	 DMSO 0 
0I - 	 0 	 II 
CH 3 CH3 
Figure 6.9: Preparation of 2,2-diphenyl oxirane. 
Reaction of 2,2-diphenyl oxirane with [9]aneNS2 in refluxing ethanol for 2 
days, followed by flash column chromatography on alumina affords L 12 in 52% 
yield (Figure 6.10). 
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0 
/ N Ph Ph 
S 	NH Ph 	s 	N(_Ph 
	
_Sj 	 10 _Sj OH 
Figure 6.10: The Synthesis of L 12H. 
6.2.5 [Ni(L11 H)(CH3COO)1(B Ph4) [L11 H = 7-(2-hydroxy-2-methyl pmpyl)-7-aza-
1,4-dithiacyclononane]. 
Reaction of Ni(CH 3COO)2.4H20 with 1 equivalent of L 1 1 H in ethanol gave 
a blue solution. Addition of excess NaBPh 4 afforded a blue solid, which was 
recrystallised from warm CH 3CN to yield deep-blue block-shaped crystals. The JR 
spectrum of these crystals indicated the presence of both coordinated CH 3COO 
(1546 and 1410 cm- 1 ) and BPh4 . The mass spectrum of this material showed peaks 
for Ni(L 1 'H) and Ni(L' 1 H)(CH3COO) and also showed higher nuclearity peaks 
which correspond to Ni 2(L 1 1 11)2 and Ni4(L 1 1 114 Elemental analysis suggested an 
overall stoichiometry of [Ni(L 1 1 14)(CH3COO)](BPh4). Closer investigation of the JR 
stretching frequencies enables some structural inferences to be made. Three main 
modes of acetate coordination are possib1e 246249. These are unidentate, bidentate 
(bridging) and bidentate (chelating), shown in Figure 6.12. Unidentate coordination 
gives rise to stretching frequencies at around 1700 and 1300 cm -l '  and can thus be 
ruled out for this species. Both bidentate coordination modes (bridging and chelating) 
give rise to stretching frequencies at around 1540-1590 and 1410-1480 cm 4 , due to 
CO antisymmetric and CO symmetric stretch respectively. It is therefore not possible 
to conclude whether the acetate group in this material is bridging between 2 Ni(II) 
centres or is chelating to 1 Ni(II) centre. 
A single crystal X-ray structure was therefore undertaken to confirm the 
structure of this species and to ascertain the coordination mode of the acetate ligand. 
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1-1
0 
	 M — O 
M — O 
	
MZ — CH3 
	 CH 3 
CH 3 	 M — O 
Figure 6.11: The Possible Coordination Modes of the Acetate Ligand. 
6.2.6 Single Crystal X-Ray structure of [Ni(L 11 H)(CH3COO)](BPh4).CH3CN. 
Crystals suitable for X-ray analysis were obtained from the evaporation of a 
solution of the complex in CH 3CN. Details of the structure solution and refinement 
are given in the experimental section. Selected bond lengths, angles and torsions are 
presented in Tables 6.1-6.3 and a view of the cation is given in Figure 6.12. The 
Ni(II) centre is coordinated by the four donors of L 1 1 H, with the alcohol remaining 
protonated. The geometry of the coordinated alcohol is similar to that observed 
previously for complexes of pendent alcohols (see discussion in Chapter 4). Thus, the 
M-O-(C)-(H) fragment is essentially planar, suggesting sp 2 hybridisation of the 0 
atom of the alcohol. 
The coordination sphere is completed by a chelating acetate ligand, affording 
a distorted octahedral coordination geometry. This distortion is partly due to the 
small bite angle of the acetate ligand. Thus, the 0(16)-Ni-0(17) angle is particularly 
acute at 62.86(11)0.  The structure also contains one BPh 4 counter-ion and one 
CH3CN solvate molecule per cation. 
The coordination of the acetate ion as a chelating ligand to the Ni(II) centre 
was initially surprising. Acetate ligands are more commonly found in bridging sites 
between metal ions 250, as in the structures of dimeric Cu 2(CH3COO)4.2H20 and 
trimeric [Pd(CH 3COO)2] 3 . The tendency for the acetate ligand to bridge between two 
metal centres is due in part to the strained four-membered rings which are formed 
when acting as a chelate to a mononuclear centre. This is reflected in the small bite 
angle of 62.860  in the complex under discussion. 
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Table 6.1: 	Selected Bond Lengths (k) for FNi(L' 'H)(CH 3COO)1(BPh4).CFI3cIL 
Ni-N(1) 	............. 2.064(3) Ni-S(4) 	.............. 2.3658(12) 
Ni-S(7) 	.............. 2.3875(13) Ni-0(14) 	............ 2.061(3) 
Ni-0(16) 	............ 2.098(3) Ni-N(17) 	............ 2.102(3) 
N(1)-C(2) 	............ 1.499(5) N(1)-C(9) 	............ 1.493(5) 
N(1)-C(1O) 	........... 1.499(5) C(2)-C(3) 	............ 1.528(6) 
C(3)-S(4) 	............ 1.820(4) S(4)-C(5) 	............ 1.826(4) 
C(5)-C(6) 	............ 1.511(6) C(6)-S(7) 	............ 1.822(4) 
S(7)-C(8) 	............ 1.837(4) C(8)-C(9) 	............ 1.523(6) 
C(10)-C(11) 	.......... 1.538(6) C(11)-C(12) 	.......... 1.532(7) 
C(11)-C(13) 	.......... 1.526(7) C(11)-O(14) 	.......... 1.452(5) 
C(15)-O(16) 	.......... 1.259(5) C(15)-O(17) 	.......... 1.290(5) 
C(15)-C(18) 	.......... 1.500(7) 
Table 6.2: 	Selected Bond Angles (°) for [Ni(L 1 1 H)(CH3COO)1(BPh4).CH3cN 
N(1)-Ni-S(4) 	.......... 89.16(10) N(1)-Ni-S(7) 	.......... 88.86(10) 
N(1)-Ni-0(14) ......... 79.06(12) N(1)-Ni-0(16) ......... 99.43(12) 
N(1)-Ni-0(17) ......... 160.01(12) S(4)-Ni-S(7) 	.......... 89.20(4) 
S(4)-Ni-0(14) 	......... 90.13(8) S(4)-Ni-O(16) 	......... 171.39(9) 
S(4)-Ni-0(17) 	......... 108.77(8) S(7)-Ni-0(14) 	......... 167.91(9) 
S(7)-Ni-0(16) 	......... 90.34(9) S(7)-Ni-0(17) 	......... 99.86(8) 
0(14)-Ni-0(16) 	........ 92.11(11) 0(14)-Ni-0(17) 	........ 91.79(11) 
0(16)-Ni-0(17) 	........ 62.86(11) Ni-N(1)-C(2) .......... 113.45(25) 
Ni-N(1)-C(9) .......... 106.86(24) Ni-N(1)-C(10) 	......... 103.83(24) 
C(2)-N(1)-C(9) 	........ 110.8(3) C(2)-N(1)-C(10) 	....... 113.5(3) 
C(9)-N(1)-C(10) 	....... 108.0(3) N(1)-C(2)-C(3) 	........ 114.4(3) 
C(2)-C(3)-S(4) 	........ 113.9(3) Ni-S(4)-C(3) 	.......... 92.57(14) 
Ni-S(4)-C(5) 	.......... 102.65(14) C(3)-S(4)-C(5) 	........ 100.96(19) 
S(4)-C(5)-C(6) 	........ 113.0(3) C(5)-C(6)-S(7) 	........ 115.3(3) 
Ni-S(7)-C(6) 	.......... 100.79(15) Ni-S(7)-C(8) 	.......... 95.23(14) 
C(6)-S(7)-C(8) 	........ 101.95(20) S(7)-C(8)-C(9) 	........ 111.2(3) 
N(1)-C(9)-C(8) 	........ 113.8(3) N(1)-C(10)-C(11) 	...... 114.0(4) 
C(10)C(11)-C(12) ...... 108.8(4) C(10)-C(11)-C(13) ...... 113.3(4) 
C(10)-C(1 1)-O(14) ...... 106.3(3) C(12)-C(1 1)-C(13) ...... 110.0(4) 
C(12)-C(1 1)-O(14) ...... 108.5(4) C(13)-C(11)-0(14) ...... 109.8(4) 
Ni-0(14)-C(11) 	........ 116.02(24) Ni-0(16)-C(15) 	........ 89.8(3) 
Ni-0(17)-C(15) 	........ 88.83(24) 
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Table 6.3: 	Selected Torsion Angles (°) for [Ni (L 1 'H')(CH 3COO')1 (BPh4').CH3 Ji 
C(9)-N(1)-C(2)-3(3) ..... 140.4(4) C(lO)-N(l)-C(2)-C(3) 	. . -98.0(4) 
C(2)-N(l)-C(9)-C(8) 	. . . -70.7(4) C(l0)-N(I)-C(9)-C(8) 	. . 164.5(3) 
C(2)-N( 1)-C( I 0)-C(1 1) . . . 77.0(4) C(9)-N(1)-C( 10)-C(1 1) . . . - 159.9(3) 
N(1)-C(2)-C(3)-S(4) ..... -44.4(4) C(2)-C(3)-S(4)-C(5) ..... -63.3(3) 
C(3)-S(4)-C(5)-C(6) ..... 130.7(3) S(4)-C(5)-C(6)-S(7) 	..... -52.0(4) 
C(5)-C(6)-S(7)-C(8) ..... -59.5(3) C(6)-S(7)-C(8)-C(9) ..... 125.8(3) 
S(7)-C(8)-C(9)-N(l) ..... -52.9(4) N(1 )-C(l 0)-C(l 1 )-C(1 2) . . 141.9(4) 
N(1)-C(10)-C(l 1)-C(1 3) . . -95.5(4) N(1)-C(10)-C(1 1)-O(14) . . 25.2(5) 
Figure 6.12: A View of the Cation in [Ni(L 1 1 H)(CH3COO)1(BPh4).CH3CN. 
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6.2.7 [Cu(L1 1 )] 2(BPh4) 2 . (L11 H = 7-(2-hydroxy-2-methyl propyl)-7-aza-1,4-dithia-
cyclononane). 
Reaction of Cu(CH 3COO)2.H20 with 1 equivalent of L 1 1 H in ethanol gave 
a dark green solution. Addition of excess NaBPh 4 afforded a grey-green solid, which 
was recrystallised from warm CH 3CN to yield dark-green column-shaped crystals. 
The JR spectrum of this material indicated the presence of L 1 H ligand and BPh4 
counter-ion and also suggested that no CH 3COO ion was present. Elemental analysis 
suggested an overall stoichiometry of [Cu(L 1 )](BPh4). The green colour of this 
product showed that the metal must be in the Cu(II) oxidation state, and the elemental 
analysis suggested that only 1 counter-ion was present per Cu(II) centre, therefore the 
ligand must be deprotonated in order to balance the charge. FAB mass spectrometry 
did not aid in elucidation of the structure as no peaks were assignable. 
Found 	 [Cu(L 1  1)(BPh4)].n 	[Cu (L 1 'H)(BPh421 
%C 67.0 66.2 74.4 
%H 6.91 6.53 6.41 
%N 2.22 2.27 1.49 
As stated previously, deprotonation of coordinated alcohols normalily takes 
place with metal ions in oxidation state 3+  or greater. The analytical data for this 
product suggests therefore that the alkoxide donor is bridging between metal centres. 
The product may possibly be dimeric or tetrameric in nature. Figure 6.13 illustrates 
a representation of a possible tetrameric [Cu4(L' 1)4]4+  "cube" structure in which the 
alkoxide donor bridges between three Cu(II) centres. A similar cube structure has 
been reported for [{ CuBr(OCH2CH2NEt2)  }4]  .4CC14 
251  which has the amine donor 
of the ligand coordinated to one Cu(II) centre and the alkoxide adopting a bridging 
position between three Cu(II) centres. Alternatively, the lower half of Figure 6.13 
could represent a dimeric [Cu 2(L' 1 )2 1 2+ structure, with the alkoxide donor bridging 
between two Cu(II) centres. In order to ascertain the structure of this material, a 
KIM 
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Figure 6.13: A Representation of a Possible Cube Structure for [Cu 4(L' 1 )4] 4 
(macrocyclic rings omitted from upper section for clarity). 
6.2.8 Single Crystal X-Ray Structure of [Cu(L' 1 )]2(BPh4)2. 
Crystals suitable for X-ray analysis were obtained from the evaporation of a 
solution of the complex in CH 3CN. Details of the structure solution and refinement 
are given in the experimental section. Selected bond lengths, angles and torsions are 
given in tables 6.4-6.6 and a view of the cation is shown in Figure 6.14. The 
structure is dimeric, with the pendent alcohols being deprotonated and bridging 
between the five-coordinate Cu(II) centres. The cation is centrosymmetric about the 
midpoint of the Cu-Cu vector, with a Cu-0(14)-Cu' angle of 102.73(17) 0 . The face-
capping macrocyclic part of the ligand is bound to the metal in a regular fashion, 
with N(1)-Cu-S(4), N(1)-Cu-S(7) and S(4)-Cu-S(7) angles of 86.53(12), 89.00(12) and 
88.39(5)0  respectively. However, the best description of the overall coordination 
geometry is distorted trigonal bipyramidal, with S(4), S(7) and 0(14) lying in the 
equatorial plane and N(1) and 0(14') bound in axial positions. The distortion from 
regular trigonal bipyramidal geometry is quite pronounced. 
Dimeric species such as [Cu(L 1 1 )] 2(BPh4)2  often show interesting magnetic 
properties. An introduction to magnetic behaviour and exchange processes is 
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presented in Sections 6.2.9 and 6.2.10, followed by a discussion of magnetic 
measurements upon [Cu(L 1 ')} 2(BPh4) 2 . 
Figure 6.14: A View of the Cation in [Cu(L 1 1 )] 2(BPh4)2 . 
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Table 6.4: 	Selected Bond Lengths (A) for FCu(L 1 1 )1 2(BP442 
Cu-N(1) 	............. 2.042(4) C(5)-C(6) 	............ 1.515(8) 
Cu-S(4) 	............. 2.4519(15) C(6)-S(7) 	............ 1.823(6) 
Cu-S(7) 	............. 2.4305(16) S(7)-C(8) 	............ 1.818(6) 
Cu-0(14) 	............ 1.927(4) C(8)-C(9) 	............ 1.501(8) 
Cu-Cu(') 	............. 3.0063(9) C(10)-C(11) 	.......... 1.536(8) 
Cu-0(14') 	............ 1.922(4) C(l 1)-C(12) 	.......... 1.521(8) 
N(1)-C(2) 	............ 1.482(7) C(11)-C(13) 	.......... 1.523(8) 
N(1)-C(9) 	............ 1.499(7) C(11)-O(14) 	.......... 1.420(6) 
N(1)-C(10) 	........... 1.499(7) C(2)-C(3) 	............ 1.512(8) 
C(3)-S(4) 	............ 1.812(6) S(4)-C(5) 	............ 1.804(6) 
Table 6.5: 	Selected Bond Angles (°) for FCu(L 1 1 )1 2(BPh4l2 
N(1)-Cu-S(4) 	......... 86.53(12) Cu-S(7)-C(6) .......... 102.40(20) 
N(1)-Cu-S(7) 	......... 89.00(12) Cu-S(7)-C(8) .......... 88.63(20) 
N(1)-Cu-0(14) 	........ 85.49(16) C(6)-S(7)-C(8) 	........ 103.0(3) 
5(4)-Cu-S(7) 	.......... 88.39(5) S(7)-C(8)-C(9) 	........ 114.2(4) 
S(4)-Cu -0(14) 	........ 135.89(12) N(1)-C(9)-C(8) 	........ 113.1(5) 
S(7)-Cu-0(14) ......... 134.67(12) N(1)-C(10)-C(1 1) 	...... 113.8(4) 
0(14)-Cu-0(14') 	....... 77.28(15) C(10)-C(11)-C(12) ...... 114.7(5) 
Cu-N(1)-C(2) 	......... 109.6(3) C(10)-C(1 1)-C(13) ...... 107.1(5) 
Cu-N(1)-C(9) 	......... 112.9(3) C(10)-C(11)-0(14) ...... 105.0(4) 
Cu-N(1)-C(10) 	........ 104.6(3) C(12)-C(11)-C(13) ...... 109.1(5) 
C(2)-N(1)-C(9) 	........ 109.4(4) C(12)-C(11)-0(14) ...... 110.8(4) 
C(2)-N(1)-C(10) 	....... 111.9(4) C(13)-C(1 1)-0(14) ...... 110.0(4) 
C(9)-N(1)-C(10) 	....... 108.4(4) Cu-0(14)-C(11) ........ 116.7(3) 
N(1)-C(2)-C(3) 	........ 113.6(5) Cu-0(14)-Cu(') 	........ 102.73(17) 
C(2)- C(3) - S(4) ....... 112.6( 4) Cu-S(4)-C(3) .......... 95.14(19) 
Cu-S(4)-C(5) .......... 101.10(19) C(3)-S(4)-C(5) 	........ 101.6(3) 
S(4)-C(5)-C(6) 	........ 118.1(4) C(5)-C(6)-S(7) 	........ 115.9(4) 
Table 6.6: 	Selected Torsion Angles (°) for FCu(L 1 1 )12(BPh412., 
C(9)-N(1)-C(2)-C(3) 	. . . -71.2(6) C(3)-S(4)-C(5)-C(6) ..... -64.4(5) 
C(10)-N(1)-C(2)-C(3) . . . 168.6(4) S(4)-C(5)-C(6)-S(7) ..... -46.2(6) 
C(2)-N(1)-C(9)-C(8) 	. . . 146.3(5) C(5)-C(6)-S(7)-C(8) ..... 122.4(4) 
C(10)-N(1)-C(9)-C(8) . . . -91.3(5) C(6)-S(7)-C(8)-C(9) ..... -56.4(5) 
C(2)-N( 1 )-C( 1 0)-C( 11) . . -85.1(5) S(7)-C(8)-C(9)-N(l) ..... -52.7(6) 
C(9)-N(1)-C(10)-C(1 1) ... 154.1(4) N(1)-C(10)-C(1 1)-C(12) . 79.6(6) 
N(l)-C(2)-C(3)-S(4) ..... -50.2(6) N(1)-C(10)-C(1 1)-C(13) . -159.1(4) 
C(2)-C(3)-S(4)-C(5) ..... 124.0(4) N(1)-C(10)-C(1 1)-0(14) . -42.2(5) 
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6.2.9 Introduction to Magnetism252 . 
Transition metal centres with unpaired electrons normally exhibit paramagnetic 
behaviour unless undergoing exchange processes with other metal centres. The molar 
magnetic susceptibility of the metal (XM) can be measured experimentally, and is 
related to the effective magnetic moment 'eff by the Curie Law- 
XM = 3kTP 0 
The magnetic moment is dependent upon the number of unpaired electrons (n) 
in the system and also upon factors such as spin-orbit coupling and the ground-state 
configuration of the metal-ion. If these factors are small, then the spin-only magnetic 
moment 'so' measured in Bohr Magnetons (BM) is given by the equation- 
pso 	/ñh+2) 
However, in many cases the experimental value for the magnetic moment 
deviates quite significantly from the theoretical spin-only magnetic moment. These 
deviations can be very pronounced if the metal centre is undergoing exchange 
processes with another metal centre, as in polynuclear species. 
6.2.10 Magnetic Exchange in Dimenc Species. 
The magnetic properties of polynuclear metal systems are usually dominated 
by exchange processes 252-257. An example of such exchange is observed in the 
magnetic behaviour of copper acetate 258261 , which has the binuclear structure 
shown in Figure 6.15. The magnetic moment of copper acetate (1.4BM per Cu(II) 
centre) is significantly lower than the predicted spin-only value of 1 .73BM. This is 
rationalised in terms of antiferromagnetic coupling of the metal centres which 
produces a low-lying singlet (diamagnetic) state and a thermally accessible excited 
triplet (paramagnetic) state. The energy separation between the two states (2J) of 
-286cm (3.43 kJmoV 1 ) is illustrated schematically in Figure 6.16. 
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Alternatively, the ground state of a coupled system can be a triplet state (and 
the excited state a singlet state) in which case the system is described as being 
ferromagnetically coupled, and the energy separation (2J) has a positive value. The 
temperature dependence of XM  and p in anti ferromag netical ly-coupled and 
ferromagnetical ly -coupled systems must therefore be adapted to take into 
consideration the relative populations of the singlet and triplet levels. This results in 
the Bleaney-Bowers equation 258- 
2 Ng 2 IIB ____ X  = 3k(T-O) [1+(1/3)exp( -2J) 
kT 
Figure 6.17 illustrates the temperature dependence of XM  for a typical 
antiferromagnetically coupled dimer. The magnetic susceptibility rises as temperature 
falls and then at at lower temperatures the susceptibility falls sharply due to 
population of the singlet ground state. 
OH 2 




CH 3 0'ç— Cu 	0 
0J 
OH 2 
Figure 6.15: A Representation of the Structure of [Cu(OAc)2]2.2H20 
s=I 
s=112/ 	I .N s=1/2 
s=o 
Figure 6.16: The Singlet and Triplet States of an Antiferromagnetically Coupled 
System. (2J = -286cm 4 for [Cu(OAc)2 1 2 .2H20) 
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Figure 6.17: The Variation of Magnetic Susceptibility with Temperature for a 
Typical Antiferromagnetically-Coupled Diiner (2J = -30cm 1 ). 
Since the publication of the Bleaney-Bowers equation in 1952 an enormous 
range of dimeric Cu(II) systems have been studied 255 in order to ascertain what 
factors affect the value of the coupling constant (2J). Most of the theory regarding 
exchange processes was thus established over 20 years ago. The mechanism of 
magnetic coupling relies upon overlap of the d orbitals on the metal-ion with the s 
and p orbitals on the bridging ligand(s) (and sometimes upon overlap with the d 
orbitals on the other metal) in a process normally referred to as superexchange. The 
value of 2J has been found to depend upon the type of bridging ligand(s), the type 
of bridging donor atom(s) and the M-X-M angle(s) (where X represents the bridging 
atom). 
For Cu(II)-Cu(II) dimers with two hydroxo bridges, the size and sign of 2J 
has been found to be directly dependent upon the Cu-0-Cu angle 0 (assuming 
planarity of the Cu202  fragment). This has been rationalised in terms of the s and 
p character of the bonding orbitals on the hydroxo bridge. Thus, Cu-0-Cu angles of 
less than 97 .60  result in ferromagnetic coupling, angles of greater than 97.60  result 
in antiferromagnetic coupling and angles of approx. 97 .60  result in little or no 
exchange between the metal centres 262 . 
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Figure 6.18 illustrates a macrocyclic, hydroxo-bridged Cu(II) dimer reported 
by Wieghardt263 of formula [(Me 3 [9] aneN3)Cu(p -OH) 2Cu(Me3 [9]aneN3)] (dO4)2, 
which has a coupling constant of -45cm' and a Cu-0-Cu' angle of 100.1 0. These 
values agree very well with the reported correlation between 2J and 1. 
Figure 6.18: The Structure of [(Me3[9]aneN3)Cu(s-OH)2Cu(Me3[9]aneN 3)] 2 . 
Cu(II) dimers with alkoxide bridges also show a dependence of 2J upon 0, 
although not with such a linear relationship 255 . The values observed for 2J in 
alkoxo-bridged dimers tend to be higher than those for hydroxo-bridged dimers 264 
274, with values as high as -1090cm 1 having been reported. Figure 6.19 illustrates 
a dimeric Cu(II) macrocyclic Schiff-base complex which has been reported 
recently 267, which has bridging phenoxide groups between the metal centres. The 
Cu-0-Cu angle in this material is 103.8(3) 0 and magnetic studies reveal a value for 
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OH 
Figure 6.19: A Representation of a Dimeric Macrocyclic Schiff-Base Complex (R 1 
CH30H, R2 = C104 ) 
6.2.11 Magnetic Studies on [Cu(L
11 
 
Magnetic measurements were carried out upon [Cu(L)]2(BPh4)2 in the 
temperature range 4 to 300K on a SQUID magnetometer (by Dr. Andrew Harrison 
at Edinburgh) and also in the temperature range 80 to 300K on a Faraday Balance (by 
Dr. Charles Harding at the Open University). Details of the magnetic measurements 
and diamagnetic corrections are given in Appendix 2. The sample was found to have 
an effective moment of 1.68BM per Cu(II) centre at 300K. This is very close 
in value to the theoretical moment 	of 1.73BM, based upon the formula- 
pso  
However, for mononuclear Cu(II) centres the effective magnetic moment is 
commonly in the range 1.9-2.2 BM due to orbital contributions 193. Thus, the value 
of 1 .68BM is smaller than that expected for a mononuclear centre. 
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Figure 6.20 shows a plot of effective moment 	in Bohr Magnetons and 
susceptibility (emu/mol) versus temperature (K). The magnetic measurements were 
modelled independently by Dr. Jeremy Rawson (University of Durham) and by Dr. 
Charles Harding, in an attempt to fit the data to the Bleaney-Bowers equation 258 . 
The data from the SQUID magnetometer gives a value for 2J of approximately 
-220cm 1 , whereas the data from the Faraday Balance affords a value of 
approximately -200cm 1 , which is in close accord. However, the fit of the theoretical 
curve to the experimental data is poor in both instances, which suggests that the 
sample is contaminated with approximately 9% of a paramagnetic impurity. 
Recrystallisation from CH 3CN and chromatography on Sephadex LH-20 was carried 
out in an attempt to purify this sample. However, the impurity still appeared to be 
present. 
If [Cu(L 11 )] 2(BPh4)2 is refluxed in CH 3CN for 30 mins. or dissolved in an 
CH3CN -water mixture (1:1) for approximately one week, then the colour of the 
solution is observed to change gradually from very dark green to colourless. This is 
indicative of reduction of the Cu(II) centre to Cu(I), which may help to explain the 
anomalous magnetic behaviour. The impurity may be a result of reduction of the 
Cu(II) centre, such as a mixed valency Cu(II)-Cu(I) dimer, or may be due to the 
presence of a Cu(II) monomer. A Cu(II)-Cu(I) dimer would be expected to exhibit 
paramagnetic behaviour, which would explain the large values observed for the 
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6.2.12 Reaction of Cu(II) with L 12H (L 2H = 7-[(2-hydmxy-2,2-diphenyl)ethyl]-7-
aza-1,4-dithiacyclononane}. 
The preparation of a dimeric Cu(II) complex with L 1 1 H has been described 
above. L 12H has the same donor array as L 1 1 H but incorporates phenyl rather than 
methyl substituents on the pendent-arm. The greater steric bulk of L 12H in 
comparison to L 1 1 H may affect the complexation behaviour by prevention of dimer 
formation. 
Reaction of Cu(CH 3COO)2 .H20 with 1 equivalent of L 12H in ethanol gave 
a dark green solution. Addition of excess NaBPh 4 afforded a grey-green solid, which 
was recrystallised from CH 3CN to afford dark green plate-shaped crystals. The JR 
spectrum of this material and the analytical data suggested an overall stoichiometry 
of {[Cu(L 12)](BPh)4}. The FAB mass spectrum showed peaks for (0 2H) and 
Cu(L 12) at 360 and 422 respectively. The colour of this material was identical to that 
of [Cu(L 11 )]2(BPh4)2, and the evidence suggests an overall structure of 
If 12 )12iF 114)2. 
Found 	[Cu(L 12')(BPh4)j 
%C 	71.0 	71.3 
%H 	6.14 	5.94 
%N 	1.82 	1.89 
Attempts to characterise this material by single crystal X-ray studies were 
unsuccessful. Crystals were obtained which appeared to be of good quality. However, 
these were found to be of insufficient quality when mounted on the diffractometer. 
This may be due to loss of solvent in air or other problems such as twinning. 
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6.3 Conclusions. 
A novel synthesis of [9]aneNS2 has been developed from the reaction between 
TsN(CH2CH2OTs)2 and HSCH2CH2SH. The addition of pendent-arm CH2CR20H 
groups (R = CH3  or Ph) has also been achieved in good yield to afford two novel 
ligands (L 11 H and L 12H). 
Reaction of L 1 1 H with Ni(CH3COO)2.4H20 affords a distorted octahedral 
Ni(II) complex, with the coordination sphere filled by the 4 donor atoms of L 1 'H and 
also by a chelating acetate ligand. The alcohol of the pendent arm remains 
protonated. 
Reaction of L 1 1 H or L12H with Cu(CH3COO).H20 affords the dimeric 
species [Cu(L)]2(BPh4)2 (L = L 1 H or L 12H). The complex [Cu(L 1 1 )]2(BPh4)2 has 
been characterised by a single crystal X-ray study and also by magnetic studies. The 
coordination geometry at the Cu(II) centre is a distorted trigonal bipyramid, with the 
pendent alcohol deprotonated and bridging between the Cu(II) centres, giving a Cu-O-
Cu angle of 102.73(17) 0. Magnetic studies indicate that that the metal centres are 
antiferromagnetically coupled, with an exchange interaction of approximately 
-200cm. The magnetic measurements also suggest the presence of a paramagnetic 
impurity, which may be a potential Cu(II)-Cu(I) dimer. 
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6.4 Experimental. 
6.4.1 Synthesis of 1,4-dithia-7-azacyclononane ([9]aneNS2). 
The synthesis of this macrocycle involved three steps [(a)-(c)], which are 
outlined below. The procedure which was followed was adapted from the previously 
reported synthesis of [10]aneNS2 243 . 
Preparation of 3. '- F(p-tolylsulphonyl)iminolbis(ethyl 12-toluenesulphonate). 
Diethanolamine (19.01g, 0.181mol) was dissolved in dry triethylamine 
(300cm3) and three equivalents of tosyl chloride (103.2g, 0.543mo1) were added in 
small portions at 0 °C. The solution was allowed to stand for 1 hour, then a white 
precipitate was filtered off, washed with copious volumes of water, and dried in 
vacuo. Recrystallisation from hot CHC1 3 - ethanol gave the product as a white solid; 
(82.84g, 80.7%); 'H NMR (250.13 MHz, CDC1 3) ô = 2.38 (3H, s, ArCH3), 2.42 
(6H, s, ArCH3), 3.33 (4H, t, CIj2N), 4.08 (4H, t, CH2O) and 7.23-7.75 (12H, m, 
ArH); 13C NMR (62.90 MHz, CDC13 ) ô = 21.32 , 21.46 (ArH3), 48.22 (CH2N), 
68.09 (CH20 )1 
126.99, 127.72, 129.76, 129.82 (aromatic H), 132.09, 134.95, 143.96 
and 145.03 (aromatic quaternary). 
Preparation of 7-(p-tolylsulphonyl)-7-aza- 1.4-dithiacyclononane. 
A 5 litre, three-necked flask, fitted with a precision-dropping funnel and a 
mechanical stirrer was purged with nitrogen. Fresh DMF (2.2L) and oven-dried 
caesium carbonate (13.04g, 0.04mol) were added, and the solution was heated to 
600C. A solution of ethane-1,2-dithiol (1.88g. 0.02mol) and ,'- [(p-
tolylsulphonyl)imiflo] bis(ethyl p-toluenesulphonate) (11.35g. 0.02mol) in DMF 
(300cm3) was then added dropwise over a period of 8 hours. A drop rate of ca. 0.2 
was found to be appropriate. After the addition was complete, a second portion 
of caesium carbonate (13.04g, 0.04mol) was added and an identical solution as before 
was added over a further 8 hours. Once all the reagents had been added, the solution 
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was stirred for a further 6 hours at 60 0C. The DMF was then removed on the rotary 
evaporator (and recycled for further use) to yield a thick brown paste, which was 
dissolved in CH202, washed with copious volumes of water and concentrated in 
vacuo. This was dissolved in CH202-methanol (99:1 v/v) and filtered through a pad 
of flash silica to remove polymeric impurities. After removal of solvent, the residue 
was recrystallised from hot ethanol. Upon cooling, an oil settled out and the main 
body of the solution was decanted to allow crystallisation of the product. This process 
was repeated until the product obtained was shown to be pure by TLC. The product 
was a white solid; (3.58g, 28.2%); Rf = 0.65 (99:1 CH2C12-methanol on silica): IH 
NMR (200.13 MHz, CDC1 3) 6 = 2.43 (3H, s, Cu3), 3.14 (4H, m, CH 2), 3.15 (4H, 
S, SCH2CH2S), 3.40 (4H, m, NCIj2)  and 7.35-7.65 (4H, m, Arth. 
(c) Preparation of 1 .4-dithia-7-azacyclononane (19laneNS 2)L 
This detosylation step was carried out according to the method of Parker 242 
7-(p-tolylsulphonyl)-7-aza- 1,4-dithiacyclononane (4.0g. 0.01 26mo1) was added to a 
solution of hydrogen bromide in acetic acid (45%, 65cm3) and phenol (6g, 
0.0637mo1), and the solution was stirred at 80 0C for 48 hours. A further portion of 
hydrogen bromide in acetic acid (45%, 25cm3) was added after 18 hours. The 
reaction mixture was allowed to cool, toluene was added, and the solvent was 
removed in vacuo. The residue was taken up in CH 202 (40cm3) and water (40cm 3), 
the aqueous layer was separated and washed with CH 2C12 (4 x 20cm3). The pH of 
the aqueous solution was then adjusted to 14 with sodium hydroxide soin. (5 mol dm 
3) and extracted with CHCI 3 (4 x 50cm 3 ). The organic layers were combined, dried 
(MgSO4) and the solvent removed under reduced pressure to give a yellow solid. 
Recrystallisation from toluene-hexane gave the product as a pale yellow solid; (1.04g, 
50.6%); 1 H NMR (250.13MHz, CDC1 3 ) 6 = 2.43 (1H, br s, NH), 2.69-2.92 (811, m, 
NCIj2CIj2S) and 2.92 (4H, s, SCH2CkI2S); 13C NMR (62.90 MHz, CDC1 3) 6 = 
32.71, 32.79 (H2S) and 47.70 (CH2N); El-MS mlz 164 (M). 
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6.4.2 Synthesis of 7-(2-hydroxy-2-methyl propyl)-7-aza-1,4,-dithiacyclononane 
(L11  H). 
1 ,4-dithia-7-azacyclononane ([9]  aneNS 2) (0.40g, 0.0025mo1) and isobutylene 
oxide (0.530g, 0.0074mo1) were dissolved in ethanol (15cm 3) in a 25cm3 round-
bottomed flask. The flask was sealed with a greased stopper, wrapped in aluminium 
foil and left for 10 days. Removal of the solvent and excess oxirane in vacuo 
afforded the product as a pale yellow oil. No further purification was necessary. The 
product was stored as a standard solution in ethanol at -20 °C; (0.575g, quantitative); 
'H NMR (250.13 MHz, CDC1 3) ô = 1.08 (6H, s, CH3), 2.40 (2H, s, CH2 arm), 2.62-
2.94 (8H, m, NCH2CJj2S), 2.89 (4H, s, SCTI2CII2S) and 3.58 (1H, br s, OH); 
NMR (62.90MHz, CDC1 3) ö = 28.08 (CH3), 34.09, 34.89 (SH2), 58.68 (NCH 2 
ring), 69.27 (NçH2 arm) and 69.94 (C(CH 3 )20H). 
6.4.3 Synthesis of 7-[(2-hydroxy-2,2-diphenyl)ethyl]-7-aZa- 1,4-dithiacyclononane 
(L12  H). 
The synthesis of this ligand involved two steps. The first step was the 
preparation of 2,2-diphenyl oxirane and the second step was the reaction of this 
oxirane with [9]aneNS2. The two steps are outlined below. 
(a) Preparation of 2.2-diphenyl oxirane. 
This was prepared according to the method of Corey and Chaykovsky 245 . 
Sodium hydride (2.4g of 60% dispersion in mineral oil, 0.06mol) was weighed into 
a dry schlenk tube. This was then washed carefully three times with pet. ether (40-
60), the sample was pumped dry on a schlenk line and trimethyl sulphoxonium iodide 
(13.2g. 0.06mol) in DMSO (60cm 3) was added. This was stirred at room temperature 
until the effervescence had ceased (20 mm), in order to generate 
dimethylsulphoxonium methylide. A solution of benzophenone (8.90g. 0.050mol) in 
DMSO (20cm3) was then added and the solution was stirred at 50 0C for 1 hour. 
The flask was allowed to cool, water (120cm 3) was added and the mixture was 
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extracted with ether (4 x 50cm 3). The combined extracts were washed with water (2 
20cm3), dried (MgSO4) and concentrated in vacuo to yield a white paste. 
Recrystallisation of this paste from ethanol yielded the product as a white solid which 
was stored at -20 °C; (6.10g. 5 1.8%); Rf = 0.9 (1:1 CH 2C12-hexane on alumina); 'H 
NMR (250.13 MHz, CDC1 3) ö = 3.35 (2H, s, CH2)  and 7.43 (10H, m, Arij; 
NMR (62.90 MHz, CDC13 ) a = 56.57 (H2), 61.54 [(Ph)2], 127.24, 127.70, 128.04 
(aromatic CH) and 139.35 (aromatic quaternary); JR (KBr disc) 3053m (CH), 2986m 
(CH), 1491s, 1446s, 1345s, 1302s, 900s, 757s and 696s cm. 
(b) Preparation of 7- F(2-hydroxy-2..2-diphenyl)ethYll -7-aza- 1 .4-dithiacyclononane 
(L 12H). 
7-aza- 1 ,4-dithiacyclononane (0.20g. 0.001 2mol) and 2,2-diphenyl oxirane 
(0.72g. 0.0037mo1) were heated at 60 0C in ethanol (10cm3) for 24 hours. The 
reaction was found to be incomplete by TLC. A second portion of oxirane (0.20g. 
0.00 lOmol) was added and the mixture heated for a further 24 hours. The solvent 
was then removed in .vacuo and the product was isolated by flash column 
chromatography on alumina (1:1 CH 202-hexane). After removal of the solvent in 
vacuo and trituration with ethanol, the product was obtained as a white solid; (0.230g. 
52.1%); Rf = 0.35 (1:1 CH202-hexane on alumina); 1 H NMR (250.13 MHz, CDCI 3) 
ô = 2.5-2.85 (8H, m, NCH2CH2S), 2.83 (4H, s, SCJI2CIj2S), 3.48 (2H, s, NCkI2 
arm), 7.15-7.59 (IOH, m, ArH);  13C NMR (62.90 MHz, CDC13) a = 33.99, 35.08 
(ScH2), 58.13 (NcH2,  ring), 68.95 (NcH2,  arm), 75.88 [c(Ph)20H], 125.54, 126.33, 
127.81 (aromatic CH) and 146.62 (aromatic quaternary). 
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6.4.4 Synthesis of [Ni(L 1 1 H)(CH3COO)](B Ph4). CH3CN. 
Ni(CH3C0O)2.4H20 (0.080g. 0.00032mo1) and L 1 H (0.076g, 0.00032mo1) 
were dissolved in ethanol (25cm 3 ) and stirred for 1 hour to give a blue solution. 
NaBPh4 (0.220g. 0.00065mo1) was then added as a solution in ethanol (10cm 3) to 
afford a blue precipitate. This solid was isolated by centrifugation and recrystallised 
from a large volume of warm acetonitrile to yield blue blocks; (0.084g. 39.1%); 
Found: C, 64.6: H, 7.21: N, 3.67%. C 38H47N2S2O3BNi requires: C, 64.0: H, 6.64: 
N, 3.93%; IR (KBr disc) 3053w, 2983m, 1546m, 1426s and 1407cm 1 ; FAB-MS (3-
NOBA) m/z 235 = (L 1 H), 704 = Ni2(L 1 1 H)2(OAc)2, 1041 = 
Ni2(L 1 1 H)2(OAc)2(H20) and 2036 = Ni4(L 1 1 H)4(OAc)2(BPh4)2(H20)6 
6.4.5 Single Crystal X-Ray Structure of [Ni(L 11H)(CH3COO)](BPh4).CH3CN. 
Crystal Data: 
C36H47N2S 2O3BNi, M = 713.4. Monoclinic, spacegroup P2 1 1n, a = 
16.921(13), b = 12.139(9), c = 19.319(l 1)A, f3 = 113.66(5)0, V 3634.6 A3 [from 
26 values of 40 reflections measured at ±(30 :5 26 :!~ 320), A = 0.071073A, T = 
150K], Z = 4, D = 1.303gcm 3 . Crystal dimensions 0.50 x 0.50 x 0.40 mm, j.t(Mo-
Ka) = 0.682 mm-1 , F(000) = 1512. 
Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, .o/20 scan mode using the learnt profile method. 
Graphite-monochromated Mo-K a  radiation: 5123 data collected 26max 
= 450, -18 
:g h :~ 13, 0 :5 k :g 13, 0 :g 1 :g 20), 4741 unique data (Rt = 0.0374) giving 4098 
with F > 4o(F). 4% crystal decay, no absorption correction. 
Structure Analysis and Refinement: 
The Ni atom was located from a Patterson synthesis, and the structure was 
then developed using iterative rounds of least-squares refinement on F 2 using 
SHELX-76. All non-H atoms were refined with anisotropic thermal parameters and 
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all H atoms were fixed in calculated positions except the alcohol proton [H(14)], 
which was located and allowed to refine at a fixed distance of 0.96A At final 
convergence R[F ;-- 4o(F), 4098 data] = 0.0482, wR[F ~: 4o(F), 4098 data] = 0.0482, 
S[F2] = 0.950 for 386 parameters. The weighting scheme w 1 = 02(F) + 0.000005F2 
gave satisfactory agreement analyses. The final difference Fourier synthesis contained 
no peak above +0.69 and no peak below -0.62 eA 3 . 
6.4.6 Synthesis of [Cu(L1 1 )] 2 (B Ph4)2. 
Cu(OAc) 2 .H20 (0.042g, 0.00021mol) and L 1 1 H (0.050g, 0.00021mol) were 
each dissolved in methanol (20cm 3). Mixing of the two solutions gave a colour 
change to dark green. NaBPh4 (0.145g, 0.00042mol) was then added as a solution in 
methanol (10cm 3) to yield a fine grey-green precipitate. This was isolated by 
centrifugation and recrystallised from a large volume of warm CH 3CN, to afford the 
product as dark green columns; (0.081g, 61.9%); Found: C, 67.0: H, 6.91: N, 2.22%. 
C68H80N2O2S4B 2Cu2 requires: C, 66.2: H, 6.53: N, 2.27%; JR (KBr disc) 3053w, 
2982m, 1551s and 1420m cm - 1 ; FAB-MS (3-NOBA) no discernible peaks. 
6.4.7 Single Crystal X-Ray Structure of [Cu(L 11 )]2(BPh4)2. 
Crystal Data: 
C68H80N202S4B2Cu2, M = 1234.35. Triclinic, spacegroup P-i, a = 
9.7233(16), b = 10.6284(20), c = 15.165(4)A, a = 95.771(15)0, 3 = 92.198(18)0, y 
= 104.498(13)0, V = 1506A3 [from 20 values of 28 reflections measured at ±(25 :g 
20 :g 300), ?. = 0.071073A, T = 298K], Z = 1, Dc  = 1.361gcm 3 . Crystal dimensions 
0.29 x 0.19 x 0.12 mm, .t(Mo-Ka) = 0.886 mm-l '  F(000) = 650. 
Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, /20 scan mode using the learnt profile method. 
Graphite-monochromated MoK a  radiation: 3775 data collected 20max = 
450, 10 
:g h :5 10, -11 :5 k :5 11,0 :5 I !~ 16), 3731 unique data (R1t = 0.0319) giving 2759 
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with F > 4u(F). No crystal decay, no absorption correction. 
Structure Analysis and Refinement: 
The Cu atom was located from a Patterson synthesis, and the structure was 
then developed using iterative rounds of least-squares refinement on F 2 using 
SHELX-76. All non-H atoms were refined with anisotropic thermal parameters and 
all H atoms were fixed in calculated positions At final convergence R[F 2: 40(F), 
2759 data] = 0.0431, wR[F 2: 4o(F), 2759 data] = 0.0444, S[F2] = 1.178 for 313 
parameters. The weighting scheme w = 02(F) + 0.000263F2 gave satisfactory 
agreement analyses. The final difference Fourier synthesis contained no peak above 
+0.514 and no peak below -0.390 eA 3 . 
6.4.8 Synthesis of [Cu(L 12)12(B Ph4) 2 . 
Cu(OAc)2 .H20 (0.028g, 0.00014mol) and L 12H (0.050g. 0.00014mol) were 
each dissolved in methanol (20cm 3). Mixing of the two solutions gave a colour 
change to dark green. NaBPh 4  (0.096g, 0.00028mol) was then added as a solution in 
methanol (10cm3 ) to yield a fine grey-green precipitate. This was isolated by 
centrifugation and recrystallised from a large volume of warm CH 3CN, to afford the 
product as dark green columns; (0.044g, 42.0%); Found: C, 71.0: H, 6.14: N, 1.82%. 
C68H80N2O2S4B2Cu2 requires: C, 71.3: H, 5.94: N, 1.89%; JR (KBr disc) 3053w, 
2982m, 1551s and 1420m cm'; FAB-MS (3-NOBA) m/z 360 = (02H) and 422 = 
Cu(L12). 
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Chapter 7: Pd(H) Complexes of Open-Chain Am ines  
7.1 	Introduction. 
7.1.1 Pd(H) Complexes of Tetra-aza Macrocycles. 
Tetra-aza macrocycles have been shown to stabilise the normally very reactive 
Pd(I) cation in- solution 275 -277. A range of complexes of general formula [Pd(L)] 2 
have been reported, along with reduction potentials for the Pd(II)/Pd(l) couple. Figure 
7.1 and Table 7.1 illustrate a selection of such complexes along with their reduction 
potentials relative to Fc/Fct The Pd(II)/Pd(I) potentials all lie in the range -1.5 to 
-2.10 V (vs FcfFc+), except for the particularly accessible reduction potential of 
-1.27V for the complex of Pd(II) with 1,4,8,11 -tetrabenzy lcyclarn (tbc) 275 . The ease 
of this reduction has been rationalised in terms of tetrahedral distortion observed in 
the crystal structure of [Pd(tb c)] 2+, since tetrahedral distortion is believed to stabilise 
d9 Pd(I) [and Ni(I) 278] centres. 




4~,~ 	 ~ I ""'i R 3 
(4) 	 (5) R 1 =R 2 =R 3 =Me 
R 1 = R 2 H,R 3 Me 
R 1 = R 3  = Me, R 2 = H 
(8)R 1 Me, R 3 =R 2 =H 
R =H 
R = Me 
R = CH 2 Ph 
Figure 7.1: 	Tetra-Aza Macrocycles Which have Been Used to Stabilise Pd(I). 
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Table 7.1: 
	
Reduction Potentials for the Pd(II)/(I) Couple in [Pd(L)] 2 vs FcfFc. 
(i = irreversible, qr = quasi-reversible) 
L 	 E1121V AE(mV) 
3 	 -1.27 65 
2 -1.53 65 
5 	 -1.53 70 
6 -1.74 
7 	 -1.78 qr 
8 -1.82 qr 
4 	 -1.99 105 
1 -2.10 82 
Table 7.1 illustrates that N-methylation of tetra-aza macrocycles leads to 
greater stabilisation of Pd(I) complexes. Meyerstein 279281 has proposed several 
factors which may be significant in trying to explain similar stabilisation observed for 
Ni(I) and Cu(I). The first factor is that N-methylation increases the cavity-size of the 
macrocyclic ligand, thus stabilising low-valent complexes282. Secondly, the reduction 
potentials of a series of Ni(II) tetra-aza complexes have been shown to be linearly 
correlated to l0Dq280 '282 . Although tertiary amines are more basic than 
secondary283 , tertiary amines actually decrease lODq relative to complexes of 
secondary amines. This is believed to be due either to steric effects or possibly due 
to the inhibition of hydrogen bonding interactions of secondary amines with solvent 
molecules. Finally, N-methylation is believed to increase the hydrophobic nature of 
the complexes formed, leading to stabilisation of low-valent species 279 . 
Meyerstein and co-workers have also studied the effect that N-methylation of 
open-chain amines has upon the reduction potentials of Cu(II) ions in aqueous 
solution, since open-chain ligands are more flexible than macrocycles and the concept 
of cavity-size is no longer applicable 279 . They have shown significant differences in 
the reductive electrochemistry of the Cu(II) complexes of 1,4,8,1 1-tetraazaundecane 
and 2,5,9,12-tetramethyl-2,5,9,12-tetraazatridecane (shown in Figure 7.2). The Cu(II) 
complex of 1,4,8,11 -tetraazaundecane exhibits a two-electron reduction at -0.540V vs 
SCE, whereas the Cu(II) complex of 2,5,9,1 2-tetramethyl-2,5 ,9, 1 2-tetraazatridecane 
exhibits two one-electron reduction steps at -0.070 and -0.270V vs SCE. The 
231 
Chapter 7: Pd(II) Complexes of Open-Chain Am ines 
methylated amine ligand is thus observed to stabilise the Cu(I) ion in solution. 
r"^") H 
: :H2 H2N 
C H 3 	 CH CN ND 
CH3 	I I 	Cl3 
CH 3 	CH 3 
Figure 7.2: 	The Open-Chain Amine Ligands 1,4,8,1 1-tetraazaundecane and 
2,5,9,1 2-tetramethyl-2,5 ,9, 1 2-tetraazatridecane. 
We were interested in preparing analogous complexes of methylated open-
chain amine ligands with Pd(II), in order to study their reductive electrochemistry. 
The greater flexibility of open-chain ligands compared with macrocyclic ligands may 
promote the stabilisation of Pd(I) species in solution. This chapter describes the 
synthesis of complexes of Pd(II) with 2,5,8,1 1-tetramethyl-2,5,8,1 1-tetraazadodecane 
and 2,5,9,1 2-tetramethyl-2,5 ,9, 1 2-tetraazatridecane (Figure 7.3), denoted by L 13 and 
L 14 respectively. 
CH 3 	 CH 3 CN ND 
CH3 I 	CH 
CH 3 CH3 
L 13  
C H 3 	 CH3 CN N 
D 
Cl3 I 	CH 3 
CH 3 CH3 
L 14 
Figure 7.3: The Open-Chain Amines L 13 and L14 . 
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7.2 Results and Discussion. 
7.2.1 [Pd(L 3)](PF6)2. 
Reaction of Pd(OAc) 2  with one equivalent of L 13 in CH202, followed by 
addition of NH4PF6  and recrystallisation from CH3NO2 - ether affords a pale yellow 
solid. The IR spectrum of this material indicates the presence of L 13 and PF6 
counter-ion and FAB mass spectrometry shows peaks at 336 and 481, which can be 
assigned as [Pd(L 13)] and [Pd(L 13 )(PF6)] respectively. The assignment of this 
material as [Pd(L 13)](PF6)2 was confirmed by elemental analysis. The UV/vis 
spectrum exhibits one d-d transition at 318nm (e = 1864 dm 3moV 1 cm), which is 
consistent with square planar geometry at the Pd(II) centre. This transition is lower 
in energy than the corresponding transitions in [Pd([14] aneN4 )1 2+ and 
[Pd(Me4 [ 14]aneN4)] 2 , which occur at 275 and 307 nm respectively 277, indicative 
of a weaker interaction of L 13  with the Pd(II) centre in this complex. 
A square planar coordination geometry at the Pd(II) centre gives rise to three 
possible stereoisomeric forms of this material, due to the creation of two new chiral 
centres at positions 5 and 8 of the complexed ligand. Two of these isomers (R,R and 
S,S) are enantiomers, whilst the third isomer (R,S = S,R) is the meso isomer. This 





R.R (mirror image = S,S) 
Figure 7.4: Possible Isomeric Forms of [Pd(L 13)](PF6)2. 
In order to ascertain the conformation of the ligand in [Pd(L 13)](PF6)2 and 
also to confirm the assignment of this material as a mononuclear complex, a single 
crystal X-ray structure determination was undertaken. 
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7.2.2 Single Crystal X-Ray Structure of [Pd(L 13 )](PF6)2. 
Crystals suitable for X-ray studies were obtained from the diffusion of ether 
into a CH3NO2 solution of the complex at -20 0C. The position of the Pd atom was 
located from a Patterson synthesis, and the positions of the four N donor atoms were 
located from the difference map. The remainder of the structure was found to be so 
badly disordered that it was not possible to distinguish the conformation of the ligand 
or any other structural parameters. Three different possible sources of the disorder 
have been identified. Firstly, disorder could be created by the presence of different 
stereoisomers in identical positions in the crystal (see Figure 7.4). Alternatively, 
disorder could be created by 900  (or 1800)  rotation of the cation around an axis 
through the Pd atom and perpendicular to the N 4 plane. The final cause of disorder, 
which is commonly seen in macrocyclic complexes, could be the presence of different 
chelate conformations in the Pd-N-CH 2CH2-N rings. 
Although the structure of this material has not been fully elucidated, it does 
illustrate that the cation is square planar and also shows there to be two shorter Pd-N 
bonds (1.98 and 2.01A) and two longer Pd-N bonds (2.12 and 2.13A). This compares 
with the Pd-N bond lengths of 2.051(11) and 2.066(11)A observed in the 
[Pd(Me4[14]aneN4)} 2  complex. The longer Pd-N bond lengths in [Pd(L 13 )] 2 are 
most likely attributed to steric strain created by interactions between the methyl 
groups on the tertiary amines. 
7.2.3 [Pd(L14)](PF6)2. 
The synthesis of [Pd(L 14)](PF6)2 was analogous to that described above for 
[Pd(L 13)](PF6)2. The assignment of this material as [Pd(L' 4)](PF6)2 was confirmed 
by IR spectroscopy, FAB mass spectrometry and elemental analysis. The UV/vis 
spectrum exhibits one d-d transition at 319nm (e = 551 dm3moVcm 1 ), which is 
comparable to that observed in the complex [Pd(L 13)] 2+ described above. It is 
assumed therefore that [Pd(L14)]2+  has a similar square-planar structure. 
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7.2.4 Electrochemical Studies Upon [Pd(L 13 )](PF6)2 and [Pd(L 14 )](PF6)2. 
Cyclic voltammetry was performed upon [Pd(L 13 )](PF6)2 and 
[Pd(L 14)](PF6)2 in CH3CN/0.IM Bu4NPF6  at 298K, over the range -2.4 to +1.IV 
vs Fc/Fc+. No oxidative processes were observed over this range for either species. 
Irreversible reduction processes were observed for both species with Epc  values of 
-l.42V and -1.31V vs FcIFc for [Pd(L 13)](PF6)2  and [Pd(L 14)] (PF6)2 respectively. 
Cooling of the solutions to 253K had no significant effect upon these processes. 
The cyclic voltammogram of [Pd(L 13)](PF6)2 is presented in Figure 7.5. The 
shape of the wave {which is also observed for[Pd(L 13)](PF6)21 is indicative of a 
two-electron process, which suggests that any Pd(I) intermediate which is formed 
rapidly decomposes. Such a process is probably accompanied by demetallation to 
generate Pd metal. Controlled potential electrolysis was not carried out upon these 
samples in case of deposition of Pd metal on the Pt electrode. 
I 	I 	I 	I 	I 	I 	I 	I 
—1.4 —1.2 —1.0 —0.8 —0.6 —0.4 —0.2 0.0 
Potential / V 
Figure 7.5: Cyclic Voltammogram of [Pd(L 13)](PF6)2 vs Ag/AgC1. 
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The Ep values of -1.31 and -1.42V vs FcIFc+  thus compare favourably with 
the values presented in Table 7.1 for Pd(II) tetraaza macrocyclic complexes, which 
suggests that the flexibility of the open-chain amine ligands allows initial stabilisation 
of Pd(I) intermediates. However, such intermediates appear to be only transiently 
stable, in comparison with the tetraaza macrocyclic Pd(I) complexes discussed in 
Section 7.1. This is consistent with the enhanced kinetic stability which is normally 
observed for macrocyclic complexes in comparison to their linear analogues 8 . 
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7.3 Conclusions. 
The mononuclear complexes [Pd(L 13 )](PF6)2 and [Pd(L 14)](PF6)2 have been 
prepared and characterised by IR spectroscopy, FAB mass spectrometry and elemental 
analysis. The single crystal X-ray structure of [Pd(L 13)](PF6)2 shows extreme 
disorder for both the PF 6  counter ions and for the C-backbone of the ligand. This 
has prevented any conclusions being drawn regarding the conformation of the ligand. 
However, the PdN4  core of the cation is well defined and shows the Pd(II) centre to 
be coordinated in a square planar fashion. 
Cyclic voltammetric studies have been carried out upon upon [Pd(L 13)](PF6)2 
and [Pd(L14)](PF6)2. Both species show irreversible reduction processes with Ep 
potentials of -1.31V vs Fcffc for [Pd(L 13)](PF6)2 and -1.42V vs Fc/Fc for 
[Pd(L14)](PF6)2. These processes are wholly irreversible and appear to lead to 
decomposition of the original complexes. 
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7.4 Experimental 
7.4.1 Synthesis of 2,5,8,11-tetrainethyl-2,5,8,1 1 -tetraazadodecane (L 3). 
This was prepared according to a modified procedure of the Eschweiler-Clarke 
methylation of amines 133 . 1,4,7,10-tetraazadecane (5.0g. 0.0342mo1) was added to 
a mixture of 98% formic acid (25cm 3), paraformaldehyde (15.0g, equiv. to 0.5mol 
of CH20) and water (15cm 3). This mixture was refluxed for 24 hours, then 
transferred to a 250cm 3 beaker and cooled to 0 °C. The pH was adjusted to 12 with 
NaOH soin., taking care to keep the temperature below 20 0C, and the product was 
extracted with CHC1 3 (5 x 75cm 3). The combined extracts were dried (MgSO 4) and 
the solvent removed under reduced pressure to give a pale yellow oil. This was 
distilled on a Kugelrohr shortway distillation apparatus to afford the product as a pale 
yellow oil, which was stored at -20 °C; (3.41g. 43.3%); 1 11 NMR (200.13MHz, 
CDC13) ô = 2.20 (12H, s, Cjj3 ), 2.22 (6H, s, Cfl3), 2.35-2.46 (8H, m, NCH2) and 
2.47 (4H, s, NCH2);  13C NMR (50.32MHz, CDC1 3) 8 = 41.04 (NH 3), 44.05 
[N(H3 )2], 54.91, 55.07 and 56.45 (NCH2); El-MS mlz 231 = Mt 
7.4.2 Synthesis of 2,5,9,12-tetramethyl-2,5,9,12-tetraa.zatridecane (L' 4). 
The synthesis was analogous to that described in Section 7.4.1. The starting 
material in this instance was 1,4,8,11 -tetraazaundecane (5.0g. 0.03 l3mol); (3.96g, 
51.9%); 1 H NMR (200.13MHz, CDC1 3) 8 = 1.61 (2H, tt, NCH 2CH2CH2N), 2.17 
(18H, s, NCIj3)  and 2.26-2.44 (12H, m, CH2); 13C NMR (50.32MHz, CDC13) a = 
23.98 (NC112 H2CH2N), 40.84 (NH3), 44.07 [N(çH3)2],  54.73, 55.21 and 56.45 
(NCH2); El-MS mlz 245 = Mt 
7.4.3 Synthesis of [Pd(L 13)](PF6)2. 
Pd(OAc) 2 (0.060g. 0.00027mo1) and L 13 were dissolved in CH202 (10cm3 ) 
and stirred at room temperature for 3 hours. This resulted in a change in colour from 
orange to pale yellow. The solvent was then removed in vacuo and the residue was 
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dissolved in the minimum volume of water. Addition of NH4PF6 (0.0909. 
0.00056mo1) yielded a yellow precipitate, which was collected and dried in vacuo. 
Recrystallisation of this solid by diffusion of ether into a nitromethane solution 
afforded the product as a pale yellow solid; (0.122g, 72.1%); Found: C, 23.5: H, 5.08: 
N, 9.04%. C 13H32N4PdP2F 12 requires: C, 23.0: H, 4.79: N, 8.95%; JR (KBr disc) 
2941w, 1558w, 1473m, 868s and 558s cm'; FAB-MS (3-NOBA) mlz 336 = 
[Pd(L 13)] and 481 = [Pd(L 13)(PF6)]; UV/vis AMAX MAX = 318nm (1864 
dm3mol4cm 1 ). 
7.4.4 Synthesis of [Pd(L 14)](PF6 )2 . 
The synthesis of this material was analogous to that described in Section 7.4.3. 
Pd(OAc)2 (0.039g, 0.00016mol) and L 14 (0.036g. 0.00016mol) were reacted to afford 
the product as a pale yellow solid; (0.068g, 66.4%); Found: C, 23.9: H, 5.17: N, 
9.03%. C 14H34N4PdP2F 12 requires: C, 243: H, 5.00: N, 8.75%; JR (KBr disc) 
2928w, 1558w, 1481m, 859s and 558s cm-1 ; FAB-MS (3-NOBA) m/z 349 = 
[Pd(L 13)] and 494 = [Pd(L 13)(PF6)]; UV/vis 'MAX MAX = 319nm (551 
dm3moV 1 cm4 ). 
7.4.5 Single Crystal X-Ray Structure of [Pd(L 13)](PF6)2 . 
Crystals suitable for X-ray analysis were obtained from the diffusion of ether 
into a solution of the complex in nitromethane. The Pd and N atoms were located 
without problem, however the remainder of the structure was found to be extremely 
badly disordered. Several attempts to model this disorder were unsuccessful. Relevant 
information pertaining to the structure is given below 
Crystal Data: 
Orthorhombic, spacegroup Pn2 1 a, a = 17.552(3), b = 9.5238(13), c = 
14.959(3)A, V = 2501 A 3 [from 20 values of 38 reflections measured at ±(28 :g 20 
:g 320), A = 0.071073A, T = 150K]. Crystal dimensions 0.66 x 0.16 x 0.16 mm, 
1(Mo-Ka) = 0.913 mm-l '  F(000) = 1288. 
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Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, w/26 scan mode using the learnt profile method. 
Graphite-monochromated Mo-K u radiation: 1898 data collected 26max = 450, 0 ~ 
h :g 18, 0 :g k :5 10, 0 :5 1 ~ 16), 1684 unique data (Rt = 0.0000) giving 1576 with 
F > 4o(F). No crystal decay, no absorption correction. 
Structure Analysis and Refinement: 
The position of the Pd atom was located from a Patterson synthesis and 
iterative rounds of least-squares refinement on F 2 using SHELX-76 located the 
positions of the N atoms. Further iterations showed the remainder of the structure to 
be considerably disordered. Attempts to model disorder in the complex cation by 
constraining C-C and C-N bond lengths were unsuccessful, as were attempts to model 
disorder in the PF6 counter-ions. The best value obtained for R[F 2! 4a(F), 1576 




Appendix 1: 	The Single Crystal X-ray Structure of 
[(Me3[9]aneN3)Ni(p - Cl)3Ni(Me3[ 9]aneN3)](OH).6 H20 . 
A1.1 Discussion. 
As part of an earlier study on the coordination chemistry of 1,4,7-trimethyl-
1,4,7-triazacyclononane (Me3 [9]aneN3),  a green solid was obtained from the reaction 
of NiCl2 with Me3 [9]aneN3 in methanol. Recrystallisation of this solid by diffusion 
of ether into an ethanol solution afforded green crystals of X-ray quality. The mass 
spectrum of this material exhibits peaks at 264 and 565 which correspond to 
[(Me3  [9]aneN3)NiC1] + and [(Me 3 [9] aneN3 )2Ni2C13] + respectively. This suggested 
a dimeric structure, with bridging Cr ligands. The steric bulk of the methyl groups 
in (Me3[9]aneN3) has been shown previously to prevent formation of sandwich 
compounds of the type [M(M e3 [9] aneN3)2]Xl, and complexes of Ni with bridging 
Cl-  ions and macrocyclic ligands are well documented. CHN microanalysis of this 
solid was consistent with the presence of hydroxide as counter-ion, along with the 
presence of seven waters of hydration, as indicated below. 
Found: 	Calc. for Ni2(M3[91aneN312ci3(OH)(H2Q.7 
%C 	30.8 	 30.5 
%H 	11.8 	 11.6 
%N 	7.79 	 8.06 
In order to confirm these predictions, a single crystal X-ray structure of this 
material was undertaken. Details of the structure solution and refinement are given 
in Section A1.3. Selected bond lengths, angles and torsions are given in Tables A1.1 
- A1.3, and a view of the cation is presented in Figure ALL The cation contains a 
C2  axis through Cl(1), thus only half of the molecule is unique. The structure is 
dimeric, as predicted, with three Cl - ligands bridging between the two Ni(II) centres. 
Each Ni centre is six-coordinate, adopting an octahedral coordination geometry. The 
structure also contains a series of water solvate molecules in partially and fully 
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occupied sites. The H atoms of these water molecules were not located, however it 
has been assumed that one of these represents a hydroxide ion. Summation of the site 
occupancy factors of the solvate molecules affords an overall stoichiometry of 
[(Me3  [9]aneN3)Ni( ji -Cl) 3Ni(Me3 [9] aneN3)](OH).6H20, which is in close accord 
with the analytical data. 
The structure of this material is representative of a range of dinuclear 
complexes which have been reported with Me3[9]aneN3236238.  Complexes of the 
type [(L)M(bridge)M(L)]' (L = Me3[9]aneN3) have been reported by Wieghardt, 
where the bridging ligands include 02- , 0H, N3 , NCS, Cr042 and RCO2 . This 
complex is very similar to the analogous [([9]aneS3)Ni(ji -Cl)3Ni([9]aneS3)](BF4) 
complex284. One interesting point to note from these two structures is that the 
average Ni-Cl bond length of 2.44A in the Me 3 [9]aneN3  complex is longer than the 
average Ni-Cl bond length of 2.41A in the [9]aneS3  complex. This is consistent with 
the thioether macrocycle acting as a it-acceptor, thus allowing greater ,t-donation from 
the bridging Cl - ligands239 . The Ni-Ni' distance in the Me3 [9]aneN3  complex is also 
longer at 3.031(3)A compared with the Ni-Ni' distance of 2.921(2)A in the [9]aneS3 
complex. 
Table A1.1: Selected Bond Lengths (A) for F(L)N(p-ClN 	 0 {L)3 2 	= 
Me 3  [91 aneN3lL 
Ni-N(1) 	............. 2.098(7) Ni-N(7) 	............. 2.107(7) 
Ni-N(4) 	............. 2.102(7) Ni-Cl(2) 	............. 2.435(2) 
Ni-Cl(1) 	............. 2.442(2) Ni-Cl(2') 	............. 2.444(2) 
C1(1)-Ni .............. 2.442(2) C1(2)-Ni .............. 2.444(2) 
N(1 )-C(2) 	............ 1.471(11) N(1)-C(1N) 	........... 1.480(10) 
N(1)-C(9) 	............ 1.536(11) C(2)-C(3) 	............ 1.511(12) 
C(3)-N(4) 	............ 1.487(11) N(4)-C(5) 	............ 1.466(11) 
N(4)-C(4N) ........... 1.495(11) C(5)-C(6) 	............ 1.536(12) 
C(6)-N(7) 	............ 1.504(10) N(7)-C(7N) ........... 1.474(10) 
N(7)-C(8) 	............ 1.499(11) C(8)-C(9) 	............ 1.511(12) 
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Table A1.2: Selected Bond Angles (°) for [(L)Ni(j.t-Cl) 3Ni(L)1(OH).6H20 {L = 
I&k3 [91 aneN3lL 
N(1)-Ni-N(7) 	......... 84.5(3) N(1)-Ni-N(4) 	......... 84.3(3) 
N(7)-Ni-N(4) 	......... 83.9(3) N(1)-Ni-Cl(2) 	......... 96.6(2) 
N(7)-Ni-CI(2) 	......... 94.1(2) N(4)-Ni-Cl(2) 	......... 177.7(2) 
N(1)-Ni-C1(1) 	......... 177.6(2) N(7)-Ni-Cl(1) 	......... 96.6(2) 
N(4)-Ni-Cl(1) 	......... 93.6(2) Cl(2)-Ni-Cl(1) 	......... 85.49(6) 
N(1)-Ni-Cl(2') 	......... 93.6(2) N(7)-Ni-Cl(2') 	......... 178.0(2) 
N(4)-Ni-Cl(2') 	......... 96.7(2) CI(2)-Ni-C1(2') 	........ 85 .40(9) 
CI(1)-Ni-C1(2') 	........ 85.29(7) Ni-Cl(1)-Ni' 	.......... 76.85(9) 
Ni-Cl(2)-Ni' 	.......... 76.96(7) C(2)-N(1)-C(1N) 	....... 109.8(6) 
C(2)-N(1)-C(9) 	........ 110.8(6) C(1N)-N(1)-C(9) 	....... 109.7(6) 
C(2)-N(1)-Ni .......... 102.9(5) C(1N)-N(1)-Ni 	........ 115.0(5) 
C(9)-N(1)-Ni .......... 108.5(5) N(1)-C(2)-C(3) 	........ 112.6(7) 
N(4)-C(3)-C(2) 	........ 110.8(7) C(5)-N(4)-C(3) 	........ 113.5(7) 
C(5)-N(4)-C(4N) 	....... 109.6(6) C(3)-N(4)-C(4N) 	....... 107.4(6) 
C(5)-N(4)-Ni .......... 103.6(5) C(3)-N(4)-Ni .......... 109.0(5) 
C(4N)-N(4)-Ni 	........ 113.9(5) N(4)-C(5)-C(6) 	........ 110.9(6) 
N(7)-C(6)-C(5) 	........ 109.7(6) C(7N)-N(7)-C(8) 	....... 109.3(7) 
C(7N)-N(7)-C(6) 	....... 110.3(6) C(8)-N(7)-C(6) 	........ 111.8(6) 
C(7N)-N(7)-Ni 	........ 112.8(5) C(8)-N(7)-Ni .......... 103 .4(5) 
C(6)-N(7)-Ni .......... 109.2(5) N(7)-C(8)-C(9) 	........ 110.5(7) 
C(8)-C(9)-N(1) 	........ 110.3(6) 
Table A1.2: Selected Bond Torsions () for 1(L)Ni(i-Cl) 3Ni(L1(OH).6H20 IL = 
LM.3 I9laneN3lL 
C( 1 N)-N( 1 )-C(2)-C(3) 	. . . 171.0(7) C(9)-N( 1 )-C(2)-C(3) 	. . . -67.7(8) 
N(1)-C(2)-C(3)-N(4) 	. . . . -46.3(10) C(2)-C(3)-N(4)-C(5) 	. . . 133.1(8) 
C(2)-C(3)-N(4)-C(4N) 	. . . -105.6(8) C(3)-N(4)-C(5)-C(6) 	. . . -67.8(8) 
C(4N)-N(4)-C(5)-C(6) 	. . . 172.1(6) N(4)-C(5)-C(6)-N(7) 	. . . -48.6(8) 
C(5)-C(6)-N(7)-C(7N) 	. . . -104.3(8) C(5)-C(6)-N(7)-C(8) 	. . . 134.0(7) 
C(7N)-N(7)-C(8)-C(9) 	. . . 170.3(7) C(6)-N(7)-C(8)-C(9) 	. . . -67.4(9) 
N(7)-C(8)-C(9)-N(1) 	. . . . -49.4(9) C(2)-N(1)-C(9)-C(8) 	. . . 134.1(7) 








A1.2 Synthesis of [(Me3[9]aneN3)Ni(p-Cl)3Ni(Me3[ 9]aneN3)](OH). 6H20. 
NiC12 (0.129g, 0.001 mol) and 1 ,4,7-trimethyl- 1 ,4,7-triazacyclononane 
(Me3[9]aneN3) (0.171g, 0.001mol) were stirred in methanol (10cm 3) for 2 hours at 
room temperature. Concentration of this solution afforded a bright green solid, which 
was recrystallised from diffusion of ether into an ethanol solution; (0.168g, 48.1%); 
Found: C, 30.8: H, 11.8: N, 7.79%. C 18H58C13N6Ni2O8 requires: C, 30.5: H, 11.6: 
N, 8.06%; JR (KBr disc) 2907, 2870, 2815, 1644, 1461, 1295, 1057, 1041 cm- ; 
FAB-MS (3-NOBA) m/z 565 = [Ni2L2Cl3] and 264 = [NiLCl] (L = 
Me3  [9]aneN3). 
A1.3 Single Crystal X-Ray Structure of [(Me3[9]aneN3)Ni(i -Cl)3Ni(Me3[9]aneN3)] 
(OH).6H20. 
Crystal Data: 
C 18H56C13N6Ni2O7, M = 692.46. Monoclinic, spacegroup P21c, a 
8.435(3), b = 13.429(4), c = 13.596(4)A, 3 = 101.77(3)0, V = 1508 A3 [from 28 
values of 28 reflections measured at ±(30 :g 20 :g 320), A = 0.071073A, T = 150K], 
Z = 2, Dc  = 1.525gcm 3 . Crystal dimensions 0.31 x 0.39 x 0.62 mm, I(Mo-Ka) = 
1.560 mm-1 , F(000) = 738. 
Data Collection and Processing: 
Stoë STADI-4 four-circle diffractometer equipped with an Oxford 
Cryosy stems low-temperature device, &20 scan mode using the learnt profile method. 
Graphite-monochromated Mo-K a  radiation: 3189 data collected 20max 
= 450, ...9 
:5 h :5 8, -14 :!~ k :5 14, 0 ~ 1 ~ 14), 1942 unique data (Rint = 0.0225) giving 1628 
with F > 4o(F). No crystal decay, no absorption correction. 
Structure Analysis and Refinement: 
The Ni atom was located from a Patterson synthesis, and the structure was 
then developed using iterative rounds of least-squares refinement on F 2 using 
SHELX-76. All non-H atoms were refined with anisotropic thermal parameters and 
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all H atoms on the cation were fixed in calculated positions. H atoms on the H 20 
solvate molecules and hydroxide counter-ion were not located. Solvent molecules 04 
and 05 were found to have site occupancy factors of approximately 0.5, and the 
occupancy was fixed at this value in the final cycles of least-squares. The final 
refinements were carried out using SHELXL-93, in an unsuccessful attempt to locate 
the H atoms on the solvate molecules. At final convergence R[F ;-* 40(F), 1628 data] 
= 0.0801, wR[F2, all data] = 0.3025, S[F2] = 1.052 for 163 parameters. The 
weighting scheme w' = [o 2(F02) + (0.2563P) 2 + 4.6166P], P = 1 /3[MAX(F02, 0) 
+ 2F2] gave satisfactory agreement analyses. The final difference Fourier synthesis 
contained no peak above +2.204 and no peak below -2.070 eA 3 . 
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Appendix 2: 	Experimental Techniques. 
A2.1 Reagents. 
All solvents were dried and purified using standard procedures 285 . 
Tetrahydrofuran ("HPLC-grade", Fisons) was distilled from sodium-benzophenone 
ketyl. Electrochemical measurements were carried out in "HPLC-grade" CH 3CN 
(Labscan) without further purification. Dimethylformamide used for macrocycle 
cyclisation reactions was always taken from a fresh bottle. 
Standard chemicals were used as commercially supplied. Me 3 SOI (Aldrich) 
was recrystallised from water prior to use and PhCH 2Br (BDH) was distilled on a 
shortway distillation apparatus then stored at -20 0C prior to use. Isobutylene oxide 
(Lancaster), PhCH 20CH2CH20H (Fluka) and N,N-dimethylformamide 
dimethylacetal (Aldrich) were used as commercially supplied. 
A2.2 Physical Measurements. 
Infra-red spectra were recorded as KBr discs or thin films (on CsI plates) on 
a Perkin-Elmer 1600 Series FT-IR spectrometer. Fast Atom Bombardment and 
Electron lonisation mass spectra were run on a Kratos MS 50TC spectrometer, with 
FAB mass spectra recorded in a 3-nitrobenzyl alcohol (3-NOBA) matrix. Elemental 
analyses were performed by the University of Edinburgh Chemistry Department 
microanalytical service. UV/visible spectra were recorded on a Perkin-Elmer 
Lambda-9 spectrometer using 1cm matched quartz cells. 
'H NMR spectra were recorded on BrUker WP80, BrUker WP200 and AC250 
spectrometers, operating at 80.13, 200.13 and 250.13 MHz respectively. 13 C NMR 
spectra were recorded on BrUker WP200 and AC250 spectrometers, operating at 
50.32 and 62.89 MHz respectively. 
Cyclic Voltammetry was performed using a conventional 3-electrode cell, with 
Pt counter and micro working electrodes and a Ag/AgC1 reference electrode. Data 
was recorded and manipulated using a DSL 286-D PC with General Purpose 
Electrochemical System (GPES) Version 3 software connected to an Autolab system 
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containing a PSTAT1O potentiostat. Controlled potential electrolysis was carried out 
using the GPES system employing a 3-electrode H-type cell with a Pt basket working 
electrode. 
X-band EPR spectra were recorded on a BrUker ER-2000 spectrometer, 
employing 100kHz field modulation. Spectra were recorded as frozen glasses at 77K 
under an atmosphere of N2 . 
Magnetic measurements were carried out in the range 1.7 to 350K on a 
MPMS2  SQUID magnetometer (Quantum Design), operating with a magnetic field 
of 1000 Gauss. Data was manipulated using the standard manufacturer's software. 
Diamagnetic corrections to magnetic measurements were calculated using Pascal's 
constants (taken from reference 252). 
Single crystal X-ray data was collected on a Stoë STADI-4 four-circle 
diffractometer, fitted with an Oxford Cryosy stems low temperature device 286. The 
following computer programs were used in the collection of X-ray data and in the 
subsequent solution and refinement of crystal structures; D1F4 287, REDU4288 , 
SHELXS-86289, DIRDIF290, S1R92291 , SHELX76292, SHELXL-93293 , 
CRYSTALS294, DIFABS295 , SHELXTL-PC 296, CAMERON297 and CALC298 . 
Structure factor curves not inlaid in SHELX76 were taken from reference 299. 
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[9]aneN3 I ,4,7-triazacyclononane 
Me3 [9] aneN3 I ,4,7-trimethyl- I ,4,7-triazacyclononane 
[1 2]aneN 3 1,5 ,9-triazacyclododecane 
[12] aneN4 1,4,7,1 0-tetraazacyclododecane (cyclen) 
[14] aneN4 1,4,8,11 -tetraazacyclotetradecane (cyclam) 
Me4[ 1 4]aneN4 (tmc) 1,4,8,1 1 -tetramethyl- 1,4,8,11 -tetraazacyclotetradecane 
(tetramethylcyclam) 
B n4 [1 4]aneN4 (tbc) 1,4,8,11 -tetrabenzy 1-1,4,8,11 -tetraazacyclotetradecane 
(tetrabenzy icyc lam) 
[9]aneS3 I ,4,7-trithiacyclononane 
[1 2]aneS 4 1,4,8,11 -tetrathiacyclotetradecane 
[9]aneNS2 1 ,4-dithia-7-azacyclononane 
[91 aneN S 	1 -thia-4,7-diazacyclononafle 
L1A - L9H 	see page 55 
L 1 °H4 	
4,4'7,7'_tetrakis-(2-hydrOXY-2-methY1Pr0PYl) [1,2-his- 
(1 ,4,7-triaza- 1 -cyclononyl)ethane] 
L 11 H, L 12H 	see pages 202-204 
1, 13 , L 14 	see page 232 
Other Abbreviations. 
BM bohr magnetons 
d doublet 




El electron impact 
FMI 
Abbreviations 
en 1 ,2-diaminoethane 












MS mass spectrometry 
NMR nuclear magnetic resonance 
3-NOBA nitrobenzyl alcohol 
OAc acetate 
Ph phenyl 
ppm parts per million 
Rf retention factor 
S singlet 
sh shoulder 




TLC thin-layer chromatography 
Ts/tosy 1 p-toluenesulphonyl 
UV/vis ultra-violet I visible 
(NMR signals due to deuterated solvents and known solvent impurities are 
indicated by small dots directly above the signals) 
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Synthesis of a New Binucleating Ligand LH 4 :t Synthesis and X-Ray Structures of 
anti-[CO2(LH4)(0H2 )2](NO3 ) 4.5H20, anti-[Ni2(LH4)(NCMe)2](PF6 ) 4 4H2O, 
anti- [Zn2(LH4)(NO3)2](NO 3 ) 2 and syn-1Cu 2(LH2 )1(BPh4 ) 2 
Alexander J. Blake, Therese M. Donlevy, Paul A. England, Ian A. Fallis, Simon Parsons, Steven A. Ross and 
Martin Sch röder* 
Department of Chemistry, The University of Edinburgh, West Mains Road, Edinburgh, UK EH9 3JJ 
The binuclear octahedral M" complexes [CO 2 (LH 4 )(H20)2] 4 , [ Ni 2 (LH 4 )(NCMe) 2 J- and tZn 2 (LH 4 )(NO 3 ) 2 12 
incorporating the new 10 coordinate pendant arm ligand LH 4 ,t all show an anti-configuration; in contrast the Cu" 
complex [Cu 2 (LH 2 )1 2 ± adopts a syn-configuration incorporating intramolecular H-bonding. 
Metal macrocyclic complexes incorporating pendant arms 
offer a methodology by which the coordination geometry at 
the metal centre(s) can be controlled and manipulated for 
specific stereochemistries.' A variety of pendant arm N,2 03 
S4 and P-donor5 derivatives of [9]aneN 3 have been prepared. 
We have embarked upon a programme to design and 
synthesise ligands to complex one, two or more metal centres 
in specific coordination geometries. The availability of vacant 
site(s) at the metal centre can be controlled by the number of 
pendant arms and the donacity of the cyclic core. We report 
herein the synthesis of the pendant arm alcohol ligand, LH 4 , 
and its complexation to Co", Ni", Cu" and Zn" ions. 
The potentially 10-coordinate ligand LH 4 is of interest since 
it would be expected to complex two metal ions leaving one 
vacant site at each octahedral metal centre. In principle, 
therefore, this ligand might form complexes in which five-
coordinate metal ions are placed in close proximity to one 
another. LH4t was prepared by reaction of I,2-bis(1,4,7-
triazacyclo- 1-nonyl)ethane 6 with 2 ,2-dimethyl oxirane in 
ethanolic solution. 1 (Scheme 1). 
[Co2(LH4)(H20)2 J[N0314 is prepared in good yield from 
the reaction of LH 4 with [Co(H 20)61[N03 1 7 in aqueous 
ethanol at room temperature. Pale lilac crystals suitable for 
X-ray diffraction were grown by the slow evaporation of an 
l-120-EtOH solution of the complex. The single crystal X-ray 
structure of the cation [CO2(LH4)(H20)2 1 4 (Fig. 1) shows 
the ligand binding two metal centres in a transoid anti-
configuration. The sixth coordination site of each metal centre 
is occupied by a water molecule. The cation in CO2(LH-
4 )(H20)21[N03 1 4 shows complex hydrogen bonding to the 
nitrate counter ions; this is not an uncommon feature in 
structures with nitrate ions. In the preparation of 
[Co2 (LH4 )(H20)2J[N03 1 4 no oxidation to the corresponding 
Co" species is observed in spite of the N 303 donor set and the 
relatively small cavity size of the ligand at each coordination 
site. The oxidative stability of [CO2 (LH4)(H20)2 }4± is of note 
as it is an example of a 9-membered N-donor ligand in which 
the Co" state is stable in solution at neutral pH. In contrast, 
Co" derivatives of [9]aneN 3 with three pendant-arm alcohol 
donors are very air sensitive and rapidly oxidise in air to afford 
the corresponding Coil ] species. 7 Normally, 10-membered or 
larger ring systems are required to stabilise Co" in the 
presence of pendant arm OH donors. 8 The air stability of 
[CO2(LH4)(H20)7][NO3 ] 4 is, however, only possible at neutral 
pH values, with the addition of base resulting in the formation 
of a brown solution which becomes an intense purple colour 
o t 
HO I 
HN 	N 	N 	NH _____ N 
c+) (*> <,N 
HO7( 
LH4 
Scheme I  
within a few minutes. This purple species has an ahsorptioi 
spectrum characteristic of a 	complex. potentially 
.t-peroxo species. 
Reaction of Ni" and Zn" salts with [1-1 4 affords the corre 
sponding complexes anti-[Ni2(LH 4 )(NCMe).](PF,) 4 4H.0 
and aiti-tZn2(LH4 )(NO3)21(N6 3 ) respect ivelv.. Thes 
species have been characterised by single crystal X-ra 
diffraction, which confirms§ the anti-configuration for botl 
complexes. 
Reaction of [Cu(OAc)] with LH 4 affords a dark hlu. 












c> c(8) '-i 
C(71) C(73) 
Fig. I View of structure of 1Co'(LH 4 )(H'0)J 4 with numbering 
scheme adopted. H atoms omitted for clarity. Co-N( I) 1 lñh((,). 
Co-N(4) 2. 133(6), Co-N(7) 2.123(6). Co-0(45) 2.065(4). Co-075( 
2.157(4),Co-0(1W)2.091(5) A. For [Ni(LH 4 )(NCMc)] 4 '- : Ni-N( I 
2.057(4), Ni-N(4) 2.046(4). Ni-N(7) 2.137(4). Ni-O( 14) 2.1i00). 
Ni-0(19) 2.036(3). Ni-N(ls) 2.028(4) A. For iZn'(LH 4 )(N0 ).f: 
Zn-0(5N) 2.055(5), Zn-0(20) 2.114(5), Zn-0(15) 2.123(5). Zn-N(4 
2.157(6), Zn-N(7) 2.175(6), Zn-N(1) 2.231(6) A. 
Fig. 2 View of structure of syn.[Cu 2 (LH,)] 2 + with numbering scheme 
adopted. H atoms not involved in intramolecular H-bonding have 
been omitted for clarity. Cu(1)-N(l) 2.245(3), Cu(1)-N(4) 2.039(3). 
Cu(l)-N(7) 2.013(3). Cu(I)-0(14) 1.9079(24), Cu(1)-0(19) 
1.964(3). Cu(2)-N(22) 2.2 15(3). Cu(2)-N(25) 2.029(3). Cu(2)-N(28) 
2.012(3). Cu(2)-0(35) 1.9191(23). Cu(2)-0(40) 1.9454(23) A. 
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determination of [Cu 2(LH 2 )](BPh4 ) 2 confirms (Fig. 2) that 
deprotonation of two of the pendant alcohol groups has 
occurred to form two 0 - H- 0 bridges between the two 
halves of the binucleating ligand. Moreover, the complex 
cation [Cu2(LH2 )]2 ± adopts a syn conformation in which the 
two encapsulated Cu" centres lie on the same side of the 
binucleating ligand. Thus, double deprotonation of LH 4 affords 
a binuclear complex which is held in a syn configuration via 
intramolecular H-bonding. The Cu" centres show a distorted 
square-based pyramidal stereochemistry. The loss of one 
proton from each coordination centre to form a coordinated 
alkoxide is unusual for a 2+ cation given that the product was 
crystallised at neutral pH. Normally, at least a 3± cation is 
required to render coordinated alcohols sufficiently acidic. 7 
Current work is aimed at studying further potential svn-anti 
interconversion via variation of pH, metal oxidation state and 
by incorporation of bridging ligand(s). 
We thank SERC for support, the University of Edinburgh for 
a studentship (to S. A. R), and the Royal Society of Edinburgh 
and Scottish Office Education Department for a Support 
Research Fellowship (to M. S.). 
Received, 3rd June 1994; Corn. 4103314K 
Footnotes 
t L = 4.7,4'.7'-tetrakis-(2-methyl-2-hydroxypropyl)-bis-I.I'.1.4.7-
triazacyclononlethane. 
All ligands and complexes were characterised by FAB mass 
spectrometry, electronic and IR spectroscopy and elemental anslysis. 
§ Crystal data. C01H78CO2N 10023 (1), lilac column, M = 1064.9, triclinic, 
space group Pt, a = 9.326(5), b = 9.813(6). c = 15.512(l 1)A. cx = 
73.07(3), 3 = 87.36(4), y = 62.99°. V = 1207A3 [from 20 values of 23 
reflections measured at ±w (20 = 30-32°), T= 150 K], Z = 1, D, = 1.465 
g CM-3, t(Mo-Ka) = 0.775 mm'. C34H78F24N8Ni2O8P4 (2), purple 
block, M = 1312.0, orthorhombic, space group Pcab, a = 15.1656(15), b 
= 18.353(3), c = 20.539(3) A, V = 5716A [from 20 values of 35 
reflections measured at ±w(20=30-32'), T= 150 K], Z = 4, D, = 1.524 
g cm -3 , s(Mo-Kcx) = 0.888 mm'. C 30H 4N 10O 16Zn 2 (3), colourless 
column, M = 951.7, monoclinic, space group P2 In, a = 8.387(4), b = 
13.053(3), c = 18.607(5)A, ]3 =91.78(8)*, V = 2036A 3 [from 20valuesof 
20 reflections measured at ±w (20 = 18-30 °), T = 150K], Z = 2, D, = 
1.552 gem -3 , g(Mo-Ka) = 1.259mm 1 . C78H 1 02Cu2B 2N6O4 (4), royal 
blue plate, M = 1336.5, monoclinic, spacegroup P2,/n ,a = 14.2427(14). 
b = 12.8965(l 1)), c = 38.652(3)A, ]3 = 91.564(7)', V = 7097A [from 20 
values of 37 reflections measured at ±w (20 = 30-32°), T= 298K], Z = 4, 
Dc = 1.251 g CM-3, g(Mo-Koc) = 0.651 mm -1 . 
Data collection and processing. Crystals of (1)-(4) were transferred 
to a Stoë Stadi-4 four-circle diffractometer equipped with an Oxford 
Cryosystems low-temperature device [J. Cosier & A. M. Glazer. 
J. App!. Crystallogr., 1986, 19. 1051 and graph ite-monochromated 
Mo-Ka X-radiation (X = 0.71073 A). Data were collected at 150 K for 
(1)-(3) ano at 298 K for (4). 
For (1): 3467 absorption-corrected reflections to 20 m , 45°, 3139 
unique (R 1 , 0.018), of which 2990 with F 4o(F) were used in all 
calculations. The structure was solved by automatic direct methods 
[SHELXTL/PC: G. M. Sheldnck, Univ. of Gottingen, Germany 
1990: Siemens Analytical X-ray Instrumentation, Inc., Madison, WI, 
USA] and refined by full-matrix least squares analysis (on F) with 
anisotropic thermal parameters for all non-H atoms [SHELX 76: G. M. 
Sheldrick, Univ. of Cambridge, England, 1976]. Disorder in the nitrate 
anions and in one of the water molecules required modelling. H atoms on 
C were included in fixed, calculated positions while those on 0 were 
omitted. At final convergence, R = 0.0794, R,,, = 0.1239,5 = 4.14 for292 
parameters and the final AF synthesis showed no feature above 1.94 
eA3. 
For (2): 5390 reflections to 20 max 45°, 3421 unique (R 1,, 0.010), of 
which 2729 with F 4o(F) were used in all calculations. Following  
solution by heavy atom methods the structure was refined by 
full-matrix least squares (on F) with anisotropic thermal parameters 
for all non-H atoms. With the exception of the hydroxlic H( 14). 
H( 19), I-Ill Wa' H( I wh). H(2 Wa) and H(2 wb) which were located 
in a AF synthesis and restrained to lie 11.96(1) A from their respective 
0 atoms. H atoms were included in calculated positions [SHEL.V Th: 
as above!. At final convergence. R = ( 1(1392. R,. = 0.0441.5 = 1.249 
for 382 parameters and the final ...\F synthesis showed no feature 
above 0.73 eA 3 . 
For (3): 5045 reflections to 20,,,, 40'. 1910 unique (R, 1 0.074). of 
which 1903 were used in all calculations. The Zn was located from a 
Patterson synthesis and the remaining non-H atoms in subsequent F 
syntheses. All non-H atoms were allowed anisotropic motion. and all 
H atoms except that on O("O) were located. ,After refinement of 263 
parameters on F [SHEL.VL-93: G. M. Sheldrick. Univ. ofGottingen. 
Germany. 1993]. convergence gave R]F 4oF)] = 0.0397 for 1207 data 
and teR[F'-] = 0.1037. 5[F] = 1.081 for all 1910 data and the final .\F 
synthesis showed no feature above ±0.39 eA'. 
For (4): 14826 absorption-corrected reflections to 20 	11 -11 
unique 0.036) of which 9097 with F 4o(F) were used in all 
calculations. Following solution by heavy atom methods [SHEL.V.S. 
86: G. M. Sheldrick, Ada Crvstal/ogr.. Sect. A. 1990. 46. 4671 the 
structure was refined by full-matrix least-squares (on F). Anisotropie 
thermal parameters were allowed for non-H atoms and Y. atoms were 
included in calculated positions. excepting the hvdroxvlic H( 19) and 
H(40) which were located from a AF synthesis and subsequently 
refined [SHELX-76: as above]. At final convergence. R = 0.0473. R, 
= 0.0509, S = 1.204 for 741 parameters and the final AF synthesis  
showed no feature above 0.50 eA. 
Atomic coordinates, bond lengths and angles and thermal para-
meters have been deposited with the Cambridge Crystallography 
Data Centre. See Information for Authors. Issue No. 1. 
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Stacked Amido Macrocyclic Complexes: Synthesis and Single Crystal X-Ray 
Structure of Na[Cu(L)(NCMe)](BF4 )2 (NO3 ) 
[L = 1-formyl-4,7-bis(2-hydroxy-2-methyl pro pyl)-1 ,4,7-triazacyclononane] 
Alexander J. Blake, Ian A. Fallis, Robert 0. Gould, Simon Parsons, Steven A. Ross and Martin Sch räder* 
Department of Chemistry, The University of Edinburgh, West Mains Road, Edinburgh, UK EH9 3JJ 
The synthesis of bi-functional derivatives of [9JaneN3  is described; the structure of Na[Cu(L)(NCMefl(BF 4 ) 2 (NO 3 ) shows 
a central [Na(BF4 ) 2 ] - core with the 0-donor of the amide moiety of successive [Cu(L)(NCMe)] 2-  cations bound to Na to 
give a stacked structure. 
The synthesis of pendant arm derivatives of [9janeN 1 (1.4.7-
triazacyclononane) has led to the preparation of a range of 
highly stable metal complexes. 1.2  Most of these complexes are 
based upon the functional isation of all three N-donors of the 
macrocycle to afford trifunctionalised ligands incorporating 
octahedral recognition sites for metal ion coordination. We 
wished to investigate the specific formation offite-coordinate 
metal complexes based on the coordination to bi-functional-
ised 19]aneN 3 ligands. 3 We report herein a general route to 
bi-functionalised derivatives of [9]aneN 1 , and the structure of 
an unusual stacked Cull complex of the amido ligand L. 
Our approach was based upon the synthesis of the orthoam-
ide I of [9]aneN 1 . 4 . 5 Acid hydrolysis affords the formyl species 
2 in which one N-donor is protected by an external formyl 
function. 4 Derivatisation of 2 with 2,2-dimethyl oxirane 
affords the hi-functionalised ligand L.t Base hydrolysis of L 
affords 3 in high yield. Scheme 1 summarises these and related 























Scheme I  
synthetic routes to functionalised ligands. The single crystal 
X-ray structure of 3 confirms--'- (Fig. 1) the formation of the 
bi-functionalised macrocycle with the two pendant arm 
alcohols H-bonded to a CHCI 3 molecule of crystallisation. 
The macrocyclic ring adopts a [ 333 1 conformation. 
Fig. I View of the structure of 3 with numbering scheme adopted 
1) 
Fig. 2 View of the structure of lCu(L)(NCMe)F with numbering  
adopted. Cu-N(1) = 2.611(5). Cu-N(4) = 2.002(3). Cu-N(7) = 
2.015(3). Cu-0(16) = 1.963(3). Cu—O(2t) = 2.2518(25). Cu—N(la) = 
1.984(3). N(l)—C(2) = 1.481(5). N(I)—C(9) = 1.472(5). N(l)—C(10) = 
1.357(5). C(10)-0(11) = 1.218(4) A. <N(4)CuN(7) = 86.95(12). 
N(4)CuO( 16) = 82. 12(11). <N(4)Cu0(21) = 96.57(10). <N(4)-
CuN( la) = 168.40(12). <N(7)CuO( 16) = 169.07(11). <N(7)-
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Fig. 3 Packing diagram of Na[Cu(L)(NCMC)l(BF4)2(NO3). NO 3 - 
ions have been omitted for clarity: Na: yellow. Cu: magenta. C: black. 
B: brown. F: green. N: blue. 0: red. 
Fig. 4 Packing diagram of Na[Cu(L)(NCMc)](BF4)2(NO3). NO3- 
ions have been omitted for clarity: Na: yellow. Cu: magenta. C: black. 
B: brown. F: green. N: blue. 0: red. 
We were interested in determining the coordination charac-
teristics of L. The presence of an amido function in I raised 
questions as to whether this moiety would bind to a metal 
centre or whether it would act as a dangling group available for 
intermolecular H-bonding. The formation of supramolecular 
arrays utilising H-bonding to amide functions has been 
reported prcviouslv.h Additionally, although the binding of 
deprotonated amido macrocyclic ligands is well established. -  
there are few examples of tV-donors of tertiary amides binding 
to metal centres. 5 
Reaction of ICu(NO 3 ) : 1 with L in MeCN affords a blue 
solution. Addition of an excess of NaBF 4 leads to the 
formation of deep-blue crystals containing the 
fCu(L)(NCMe)l 2 cation. The single crystal structure con-
firms§ the stoichiometrv of the product to be NaICu(L) -
(NCMc))(BF4 )(NQ). The Cull centre is hound to both 
pendant arm alcohols and two tV-donors of L and one MeCN 
molecule (Fig. 2). In addition, the complex cation shows an 
additional lone-range interaction to the amido ,V-donor IN( 1)1 
at 2.611(5) A, with N( I) pointing directly to the sixth 
coordination site of the Cu" ion. Interaction of N( I) with the 
Cu centre is confirmed further by the observed loss of 
planarity of the C(2)C(9)N( I )C( 10)0(11 )H( 10) fragment. 
Thus, the dihedral angle between the planes defined by 
C(2)C(9)N(1) and N(I)C(10)0(1 1)H( 10) (deviation 0.001 A) 
is 27.1(4)°. The solid-state structure of Na[Cu(L)-
(NCMe)](BF4 ) 2 (NO 3 ) is further complicated by the presence 
of an aggregate of [Na(BF 4 ) 2 ] ions wLich forms a polymeric 
chain. [Cu(L)(NCMe)}2*  cations are bound through the 
amide 0-donor [0(11)] to Na ions within this chain. Thus. 
each Na ion is six coordinate with five interactions to F - ions 
of 13F4 - at 2.242(3)-2.424(3) A. and a sixth interaction with 
the amide 0-donor at 2.321(3) A. Figs. 3 and 4 illustrate the 
packing of successive [Cu(L)(NCMe)] 2 cations along the 
[Na(BF4 )2] chain. Thus, the amide function in L not only 
interacts with the Cu" centre via the N-atom, but also binds to 
an external Na ion via the 0-atom to afford a supramolecular 
array of cation-anion interactions. 
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Footnotes 
t All ligands have been characteriscd by NMR spcctroscopy, mass 
spectrometry and elemental analysis. 
Crystal data for C 1c H 31 N 1 O'CHCI 3 : i.4 = 404.8, orthorhombic. 
space group Pna2,.a= 11.813(6).b= 11.300(6).c= 15.231(9)A. V 
= 2033 A 3 [from 20 values of 32 reflections measured at ±w (25 20 
27° ). A = 0.71073 A. T = ISO K). Z = 4. D, = 1.322 g cm -3 . 
colourless plate. It = 0.465 mm'. 1858 Data (5 20 45°) were 
collected using a Sloe Stadi-4 four-circle diffractomctcr equipped with 
an Oxford Cryosystems low temperature device Ii. Cosier and A. M. 
Glazer. J. App!. Crystal!ogr.. 1986, 19. 1051 and Mo-Ka X-radiation. 
The structure was solved by direct methods using SHELXS-86 [G. M. 
Shcldrick, Acta Crys:allogr., Sect. A. 1990. 46.467) and refined on F-
using SHELXL-93 [G. M. Sheldrick. Univ. of Gottingen. Germany. 
19931. Substantial disorder was modelled by allowing isotropic 
refinement of two interpenetrant rings with constrained values of C-C 
and C-N bonds which converged at 1.515(7) and 1.472(3) A. 
respectively. The major and minor conformers have occupancies of 
0.663(8) and 0.337(8). respectively. Other non-H atoms were refined 
with ani;otropic thermal parameters. H atoms bound to N and 0 
atoms were refined positionally and other H atoms were included in 
calculated positions. At final convergence. R[F>_ 4o(F). 1638 data] = 
0.047. wR[F'-, all data] = 0.104. S[FJ = 1.11 for 217 parameters. The 
final AFsynthesis contained no feature beyond ±0.30e A. 
§ Crystal data for C 17 H34 B 2 F8 N 3 NaO6Cu: M = 664.52, monoclinic. 
space group P2,  Ia. a=9.6373(22).b =30.814(l2).c= l0.1042(22)A. 
13 = 114.433(22)'. V = 2732 A 3 [from 20 values of 25 reflections 
measured at ±w (30 20 32°). ?. = 0.71073 A. T = 150 K). Z = 4. 
J. CHEM. SOC., CHEM. COMMUN., 1994 
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= 1.615 g cm 3 . deep-blue triangular prisri. V = 0.909mm - . 3449 
Unique data were collected as above and the structure solved and 
developed using heavy-atom methods. All non-H atoms were refined 
anisotropically on F; H atoms bonded to 0 were constrained to lie at 
distances of 0.96 A; the methyl group of MeCN was allowed to rotate 
about the CCN axis as a rigid entity and all other H atoms were 
included at calculated positions [SHELX76: G. M. Sheldrick. Univ. of 
Cambridge. 19761. At final convergence. R. R.,, = 0.034. 0.045. 
respectively. S = 1.037 for 376 parameters and 3239 data with F 40 
(F). The final AFsynthcsis exhibited no feature beyond ±0.45 e A. 
Crystal packings (CAMERON. L. J. Pearce and D. J. Watkin, 
Chemical Crystallography Laboratory. University of Oxford. 1993) 
are illustrated in Figs. 3 and 4. Atomic coordinates, bond lengths and 
angles, and thermal parameters have been deposited with the 
Cambridge Crystallographic Data Centre. See Information for 
Authors. Issue No. 1. 
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